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1.0 SUMMARY

Significant differences exist in the noise generated by engines in flight and
enginas operating on the test stand. It has been observed that these differ-
ences are reduced by the use of an inflow control structure in the static test
situation. It is a purpose of this contract (NAS1-15085) to produce a design
system for inflow control structures. This report first describes the results
of a test program conducted to develop various theoretical models used in the
design system. Following this the design system {s developed. Finally an as-
sessment of this procedure is made using measured data.

The primary result of this work is a step by step inflow control structure de-
sign procedure in terms, for the most part, of parameters quantifiable by the

designer. The assessment of this procedure using blade mounted transducer data .

was inconclusive due to the transducer responding to stimuli other than the
engine inflow field. However an assessment made with hot film data was very
encouraging.




2 0 INTRODUCTION

Reduction of jet engine noise levels is a continuing evolutionary process and
significant noise reduction has been achieved since the advent of the original
comerctal jet aircraft in the early 1950's. Engine noise reduction features
are usually verified by means of static or flight testing. Since the cost of
flight testing is much greater than that of static testing, use of the latter
technique results in significantly lower costs being accrued to the develop-
ment of engine noise reduction features. As such, the use of static testing
techniques should be fully exploited. The purpose of this contract is to de-
velop, for turbofan engines, static testing techniques that result in measure-
ments of fan nofse that zre representative of inflight levels.

It has been noted by various observers that the noise produced by the fan of
turbofan engines operating statically on the test stand is greater than that
produced when the engine is operating under fiight conditions. This may be a
result of both fan blade passing tone and broadband levels being contaminated
by extraneous noise sources present during static testing. As a consequence,
predictions of flight noise levels using static data are consistently high. A
no less important ramification is that flight noise sources cannot be identi-
fied from noise measurements from statically operating engines. Correspond-
ingly, noise reduction techniques cannot be evaluated on the test stand in the
presence of a contaminating noise floor. To identify the source of extraneous
noise 1t is necessary to note that, st.tically, the fan inteiacts with a more

‘.distorted,inflow field than it does when in flight. There are several distinct
characteristics of the inflow field that are quite different when the engine
{s operating statically, each of which could produce extraneous noise.

Firstly, the ambient atmospheric turbulence field in the vicinity of the
- ground is more turbuient than at higher altitudes. In addition, this turbul-
ence field is convected through a very high flow contraction when the engine
is operating statically, whereas, in flight, the turbulence field convects
through a very smali contraction on its way to the fan. This high flow
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contraction in the static case rasults in a distortion of the field in which
the "eddies" are "stretched", then "chopped” by successive fan blades, produc~
ing "bursts" of discrete noise that are wirtually absent in *he f light opera-
tion of the engine,

secondly, ‘n the static case, there exists stand structure and a ground plane
that are sources of flow disturbances. Engine ingested air passes over the
stand structure and the ground resulting in vortices and wakes in the inf low
field. Engine case protuderances can also generate ingestible distortions.
Usually these sources of distortion do not exist inflight since the air in-
gested into an engine has not passed over any boundaries.

Thirdly, the nacelle boundary layer is different during static operations of
the engine. In flight, at takeoff and approach conditions, air is drawn into
the engine through a streamtube forward of the engine, which is slightly
larger than the fan, causing the locus of the stagnation points to be near the
leading edge of the nacelie. In static operation, however, air is ingested
from a much wider sireamtube causing the stagnation locus to move rearward on
the outside of the flight nacelle. The acceleration of the flow from this
stagnation locus around the lip region produces higher local velocities than
those occuring in fiight and .consequently, a larger adverse pressure gradient
along the nacelle inner wall than that which is encountered in fiight. The
boundary layer then becomes thicker in this region and may even separate (the
use of belimouth inlets during static testing is an attempt to alieviate this
situation). Due to these differences in boundary layers, the area of the fan
tip that is affected by the boundary layer during static operation 1is probably
larger. The nacel ie boundary layer in static operation is also affected by the
presence of free stream flow distortions which can jocaily perturb it. It
seems probable, then, that the nacelle boundary layer generated by static
operation of the engine constitutes a jarger flow disturbance than its flight
counterpart and thus could be a cause of higher noise levels.
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Finally, since it {s possible for the flow to be drawn from ali angies by an
engine on the test stand, turbulent flows from the. jet plume may be reingest-
ed, This distortion source is not present in flight. These disturbances-(i.e.,
atmospheric turbulence, ground pilane and stand induced distertions, dissimilar
naceldle boundary layer and jet plume reingestion) are corsidered to be the
most important extraneous noise sources in static engine operation. In order
to obtain useful static acoustic data, it is therefore necessary to develop
techniques which modify the inflow field so that, for ali.intents and.pur-
poses, the fan is operating as it would in flight. In the past, various tech-
niques for accomptishing this simuiation have been used, inciluding mounting
engines in wind tunnels and using devices upstream of the fan to condition the
inftow. Inflow Controi Structures (ICS) for conditioning the fiow have been
mounted upstrean of the engine by several investigators. A boundary layer suc-
tion system has also been used in conjunction with a screen. Both of these

techniques have resuited in reduced radiated noise levels, indicating the re-
duction of inflow distortion,

In view of the encouraging results achieved by the use of ICS's, the present
contract was awarded for the purpose of developing ar inflow controf screen
design procedure and a flight noise prediction procedure using data gathered
fron the static testing of engines equipped with such a structure. The use of
wind tunnels, or other techniques for simulating the flight environment are
not considered under this contract. In addition, the problem of nacelle bound-
ary layer modification is not addressed under this contract, but is certainly

.. an important area for future work. The major components of the contract are:

Phase I Definition of Atmospheric Turbulence Characteristics and Engine
Sensitivity Study.

Phase Il Deve lopment of Infiow Contvol Structure (ICS) Preiiminary Design
System,

Phase 111 Interim Procedures Report Development and Coordination.
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This report describes a preliminary design system for the inflow control_
structure (1CS). Specifically Tasks F, G and H are addressed here,

An Interim Phase 1I report, previously published, contains details of the ana-
1ytical models used in the design systamn, The results of a test program de-~
signed to assess and/or modify these analytical models are reported here. Sub-
sequently, the models are modified and used to develop an 1CS design system,
This design system is exercised for the JT9D and JT156D. Finally, the ICS de-
sign system was assessed using blade mounted pressure transducer.. {BMT) data
gathered under the paWA/Boeing Joint Noise Reduction Program.

This report, in conjunction with the Interim Phase II report canprises the
final Phase 11 report. It should be noted, that in this report and the Interim
Phase I1 report, the term ngereen” is used in it's general sense, thus,
perforated plate, honeycomb and gauze are all types of screen,
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3.0 SYMBOLS

Characteristic Dimension
Speed of Sound

Fan Blade Number

Wake Width

Contraction Length

. Inlet Dianeter

Detail Dimension
Velocity PSD

Nomalized Velocity PSD
Frequency

Totai Pressure Loss
Pressure Drop Coefficient
Kinetic Energy
Wavenumber Vector
Integral Length Scale
Thickness

Contraction Ratio

Mach Number

Isotropic Turbulence Characteristic
Noise Reduction

Pressure PSD

Pressure

Function Defined in 6.4

Dynamic Head
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SPL

1<

Al

i=

g

Kadius

Reynolds Number

Vortex Radius

Sound Pressure Level

Defined in 6.4

Mean Velocity Vector

Velocity Deficit

Turbuient Velocity Vector
Streanwise Distance

Virtual Source Distance
Position Vector

Engine Height

Terrain Characteristic Helght
Reference Height

Flow Angle Ratio

Bias

Circulation

Velocity Spectrum Tensor
Isotropic Turbulence Characteristic
8 lade Relative Mean Flow Angle
Angle

Minimum Sensitive Scale

Mean Square Velocity Component Ratio
Kinematic Viscosity

Air Density

Open Area Ratio

BMT Path Angle

Circular Frequency




Subscripts
A

AMB
B
c

EFF

ICS
1,3

max

NS

REF

SC
T
T

Pre, Contraction Or Screen
Atmosphere

Ambient

Post, Contraction or Screen
Core

Effective

Flight

Final Contraction
Honeycomb

Initial Contraction
At ICS

Indices

Lower

Microphone

Max imum

No Screen

Upwash Component
Fan Face Conditions
Perforated Plate {Gauze)
Receiver

Reference

Source, Static
Screen

Total Upstream

Total Downstream




4.0.. BACKGROUND . ..

It has long been known that the flight and static test environments of an en-
gine are different, For instance, in 1966, Sofrin and McCann (1) recognized
the existence of noise generation mechanisms peculiar to ground operation of
an engine. They jdentified "natural atmospheric air currents® and ground vor-
tices as causes of inflow distortion that, upon interaction with a rotor, pro-
duce noise. They also surmised that the inflow into a fan in f1ight was not
distortion free, but probably had & different distortion flow field than which
existed during static testing.

Subsequently, accumulated evidence {2, 3, 4, 5, 6) showed that not only were
static and.flight inflow distortions different, but that the static distortion
field generated noise levels, especially blade passing tone levels (and possi-
bly its harmonics) that were significantly greater than those generated in
flight. However, while the source of the extraneous static noise is general ly
ascribed to the more disturbed inflow field, the particular distortion type
responsible is not clearly defined. For example, Cumpsty and Lowrie {2) pro-
duced results that indicated that boundary layer changes were important at re-
jative tip Mach numbers tess than .85. In the flow outside the boundary layer,
they suggest that distortions produced by the contraction of the ambient at- _
mospheric turbulence field are important. Hanson's (7, 8, 9) measurements of
inlet flow fields are explained by that author also as the result of contrac-
tion of the atmospheric turbulence, although, in same situations, he also
jdentifies distortions due to flow over the stand structure. Distortions have
also been detected that were generated by protuberances on the extérior
naceile casing (10). Earlier work by Povinelii et al (11) identified distor-
tions of the inflow by the installation structure. Hodder (12) examined among
other things, the noise generated by a JTI5D at two heights fram the ground,
and found the ground vortex interacting with the rotor to be a significant
source. Recent P&WA/Boeing experience under the Joint Noise Reduction Program
(NRP) indicates that on a full size test stand, ground effeets, stand struc-
ture and possibly abmc-.pheric turbulence contribute to inflow distortions




(13).. The above review indicates that any or ali of the distortion sources can
exist but to a varying degree depending on the details of the test stand con-
figuration,

Significant suppression of these flow distributions has been achieved by the
mounting of Inflow Control Structures (1CS) upstream of the inlet.. These
structures consist of screening materials either supported by a frame or sub-
stantially self supporting with the minimum of unnecessary structure.

Pubtished.experience with ICSs has been quite varied. The scales of the fans
has ranged fran mode! to the large high bypass ratio fan, The ICS has been
placed in the inlet duct and externally,

The in-duct ICS has consisted of either a honeycomb panel mounted upstream of
the rotor (12, 14, 15) or multiple gauze screens at the iniet entrance (4},
All except Leggat and Siddon observed a reduction in tone level, however,
- these investigators did note a change in blade loading caused by the suppres-
sion. of transverse velocities in a ground vortex. Suppression of this vortex
nearer its stagnation point resulted in noise reductions. In conjunction with
the notse reduction, Hodder {12) observed a reduction in axial lerigth scale,
- as determined by making auto correlations of the hot wire signal obtained at
the fan face. Hodder ascribed the noise reduction to a change in length scale

LY B

4 caused by the screen. However, Jones, et al, (15) demonstrated that honeycomb
N screens mounted in the inlet duct have an acoustic transmissston loss associ-
" ated with them, so there is some question as to the reason for the nolse re-
E ductions when the screens are mounted in the inlet.

The externally mounted 1CS's do not suffer from this problem of acoustic
transmission loss to any great degree (15, 16). In general, all screens of
this type (17, 18, 15, 19, 20, 21, 13, 22, 23, 24) produced a significant re-
duction in tone noise at subsonic relative tip Mach numbers, whether in the
anechofc chamber, wind tunnel or on the test stand. The work of Rogers et al
(13), Atvars et al (22) and McArdle et al (23) demonstrates conclusively, with
the use of biade mounted pressure transducers, the substanttal clean up of the
inflow field that can be achieved with the ICS. In addition, Rogers and Ganz

i0
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{13), by comparing static and f1ight BMT data show that the 1CS goes a long
way to repraducing the f1ight fan face environment . Woadward et al (24), and
Kantola et al (21), have also used inflow boundary layer modification in con-
junction with an Inflow Control Structure to produce encouraging results.

While miversal screen design criteria have not yet been determined, certain
desirable characteristics have emerged based on the literature reviewed, These

characteristics are sumnarized below:

0 The minimization of acoustic transmission loss is enhanced by
use of .external 1CSs as opposed to use of ICSs mounted in the

engine inltet (15, 16).

0 Distortion suppression, primarily of transverse velocities, is
effected by use of honeycamb. Honeycamb characteristics sug-
gested by Ho, et al, (25) are_that a length to di aneter ratio
of § to 10 is necessary. However, Ginder (26) shows that in-
creasing this ratio beyond 2 does not improve disturbance sup-
pression, This latter view is born out, in sone degree, by

Prandtl (27).

0 Axial velocity distortion suppression is effected by use of gauzes or
perforated plate because of their relatively high pressure 1oss coef-

ficients.

0 Distortions generated by honeycomb structure can be suppressed by use
of gauzes mounted downstream of the honeycanb, as suggested by the
work in references (17}, (25), (26) and (28).

0 Gauzes and perforated plates can be mounted upstream of the hone ycamb
to protect it from damage by incoming debris.

11




Inflow. control devices should be destgned to avoid large structural
members and discontinuities (as noted by Lowrie-and Newby (16) and
PHA/Boeing exparience) since they can give rise to self generated
distortions entering the fan, As can be seen from the above review of
the literature, the feasibility has been shown of using an inflow
control structure during static testing to effect a better simulation
of the fan infiight fiow field. Certain .desirable characteristics of
ICS designs have been identified, but as yet, a design procedure does

not exist. An ICS design procedure that is generally apppiicable is
developed in the present work.
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5.0 TEST PROGRAM (PHASE II TASK F)

The purpose of this program was to provide data to empirically verify or cor-
rect the analytical models for the ICS design procedure {identified in the In-
terim Phase II report (29). The tests conducted were basically of two types,
aerodynamic and acoustic.

The aerodynamic tests consisted of determining the effect of flow contraction
and screening on inflow distortfon elements and turbulence. In addition screen
pressure drop coefficients were measured.

The acoustic portion of the program consisted of measuring the effect of .
structural members and panel corners on the acoustic radiation fietd. (This

was described in part tn (29). Acoustic transmission [oss measurements across
various screens were also made.

In the following subsections the aerodynamic measurements are discussed in
Section 5.1 and the acoustic data in Section 5.2,

5.1 The Effect of a Fiow Contraction and Screening on Turbulence and Steady
Flow Distortion

The tests were carried out at Pratt & Whitney Aircraft's 25.4 cm suction rig
facility. Flow through this rig is provided by three 450 hp vacuum pumps. Duct
velocities ranging from 18.29 m/s to 121.95 m/s were generated to encompass
the range of contraction ratios likely to be experienced by the engine on the
test stand. A bellmouth was mounted on the suction duct to ensure a smooth
transition of flow from the test room into the 25.4 om duct. A schematic dia-
gram of the basic configucation is shown in Figure 1,

A turbulence generator was mounted upstream of the test room as shown in

Figure 2. This consisted of a plenum which exhausted into the test room
througn a sertes of opposing jets (porcupine) (Figure 3). This arrangément
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is based on a similar design of R, Betchov (30) and produces, to some degree,
isotropic turbulence of reasonably high inténsity. For the steady distortion
part of this program the porcupine was removed and the outlet snout of the
generator covered with honeycomb to provide a uniform flow over the .distortion
generating bodies. Measurements of the velocity fields were made in the duct
ftself and upstream of the suction duct,

Cutside of the duct, measurements were made with traversing hot wire probes,
The aligment of the probe traverse mechantsm was accomplished by mounting the
probes on support rails attached to 2.54 cm thick steel bed plates. The probe
positions were set using a laser beam directed along the rig axis. For the
turbu'lence and vortex measurements, 'X' wires were used enabling two compon-
ents of velocity to be determined. Specifically, these were the streamwise
velocity component and the vertical transverse component. A single hot wire
was used to measure the steady streamwise velocity distortions.

Inside of the duct, in the high velocity regfon, the turbulencé and mean velo-
city measurenents were made with 'X' hot wires and a wedge probe, respective-
ly. The wedge probe atlowed the magnitude and vertical angle of the component
of the mean velocity vector in the vertical plane to be determined. Figure 4
contains a table of the measurenent types and probe locations for the contrac-
tion and screening experiments. All turbulence fields were investigated with
two probes to provide information about their transverse nature, A description
of the measurement types and their accuracy is presented in Appendix A,

5.1.1 The Contraction of Turbuience and Steady Distortions

The contraction of turbulence was measured with the turbulence generating por-
cupine in piace, in the plenum. The measurements were made at three axial lo-
cations through the contraction (55.8 an, 25.4 cm and -20.32 cm referenced to
the bellmouth face with negative distance downstream) as shown in Figure 5.
The two probes were separated by incremental amounts at each location in the
horizontai transverse plane, The sum and difference of the signals from

16
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Figure 5 Axial Measurement Locations for Turbulence Contraction Experiment

each hotwire probe were recorded on magnetic tape and subsequently analyzed.
The duct velocities examined in the contraction experiments nominaily ranged

fram 30.48 m/s to 121.95 m/s. This allowed contraction ratios from about ! to
21.3 to be examined.

Auto correlations, cross correlations, PSDs and mean square values were ob-
tained directly from the analysis. Figures 6 and 7 show how the auto correla-
tions of the streamwise and transverse velocity components change as the tur-
bufence is convected through various contractions., It seems that the turbui-
ence deviates somewhat from the isotropic at the initial point since the auto
correlation function of the streamwise component becomes negative; however,
the turbulent kinetic energy is reasonabiy evenly distributed at this pofnt,
The streamwise component auto correlations at the two highest contraction
rattos display somewhat anomalous characteristics as the tendency to narrowing

17
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of the auto correlation with increasing contraction is reversed in these two
cases. This is explained. later as due to transfer of turbulent kinetic energy
from the transverse velocity component by turbulent inertial effects. Fram the
auto correlations, this energy is transferred into the {ower frequencies. The
transverse component auto correlations indicate little change in energy dis-
tribution as the turbuience is contracted. The corresponding changes in the
PSDs are shown in Figures 8 and 9. The change in the transverse structure of
the turbuience as it is contracted can be found from the. cross correlation, an
exanple of which is shown in Figure 10. From the cross correlations, estimates
of the transverse spatial auto correlations can be made by taking the values
of the correlation at zero time delay and plotting them against the spatial
separation of the probes. Examples of these spatial auto correfations are
shown in Figure 11 as the contraction ratio increases, and the decreasing
transverse extent of the corvelation area i apparent. From these plots, esti-
mates of the integral length scales were made and examined in iight of the
analytical models in Section 6. The change in the mean square values of the
component velocities is shown in Figure 12 and the initial suppression of the
streanwise velocity and the amplification of the transverse velocity that is
observed by other investigators (31,32) is also seen here.

Turbulence fields are not the only type of distortion to be encountered in
static engine operation. Steady and quasi-steady velocity distortions can also
be present and the effect of a contraction on this type of distortion was also
examined in the suction rig facility, The distortion generating bodies that
were considered were a 3.8l cm square rod, a symmetric NACA Series 6 airfoil,
and a symmetric NACA 0012 airfoil was used to generate a tip vortex. The axial
measuranent locations were the same as for the turbulence measurements,

The evolution of a steady axial velocity deficit as it is convected through
the contraction is illustrated by the wakes of the airfoil and the rod shown
in Figure 13, The airfoil wake ts very rapidly and totally suppressed, while
that of the bluft body persists somewhat longer. lu bath cases no trace of the
wakes was found at the -20.32 on (in the suction duct) location, at which the
highest contraction ratios occurred.
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Figure 12 VYariation of RMS Velocity Through the Flow Contraction

The NACA 0012 airfoil was set at the highest angle of attack possible without
stalling, in order to generate as strong a tip vortex as possible. This was
done by observing the flow over it with a cotton thread. The angle of attack
was about 14°, The vortex was positioned approximately on the rig axis. Both
streamwise and a transverse velocity component were measured in the vortex and
the changes in these two aspects of the velocity field as the flow accelerates
are shown ir Figures 14 and 15. The transverse, or azimuthal, velocity field
is substantially unchanged by the flow contraction while the streamwise velo-
city deficit associated with the vortex increases and broadens. This behavior
of the streamwise deficit is completely opposite to that observed for the two
dimensional wake and indicates the need for vortex suppression as near to the
origin as possible.
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5.1.2 The Effect of Screens on Turbulence and Steady Distortions

As in the contraction experiment, the turbulence part of this test was con-
ducted with the turbulence gemerator in place, Five screen types were examin-
ed; three were made of honeycamb and two of perforated plate. The honeycamb
used had a nominal cell diameter of .3175 cm and the thicknesses (cell lengths)
were 0,953 cm, 1.27 cm and 2.54 cm giving thickness to cel) dianeter ratios of
3, 4 and 8 respectively. The corresponding honeycomb construction material
thicknesses were 0.008 cm, 0.005 cm, and 0.0l cm. The perforated plates that
were tested had 41 percent and 66 percent open area. The.hole diameter of each
plate was .0366 cm and the plate thickness was .0126 cm. Each screen was
mounted normnal to the rig axis, 38.1 cm forward of the bellmouth, by means of
a supporting framne and measurement locations were upstream and downstream of
the screen at 30.48 cm and 48.26 an (Figure 16). The duct velocities ranged
from 30.49 m/s to 121,95 m/s. This variation allowed a range of screen
throughflow. velocities to be observed. A summary of test configurations and
probe locations is shown in Figure 4.

SCREEN
SAMPLES

8

J
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—

38.1CM

[ — 1

772032CM ' 254CM

il
bl §
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Figure 16 Axial Measurement Locations for Turbulence Screen Experiment
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For the turbulence field dof inition the same techniques were used. as in the
contraction experiment. Auto correlations PSDs, cross correlations and mean
square values of velocity components were determined on either side of the
screens. The effect of the various screens on the auto correlaticns of each
velocity component is i1lustrated in Figures 17, 18, 19 and 20 with the cor-
responding PSDs shown in Figures 21, 22, 23 and 24, The presence of small
scale turbulence downstream of the honeycombs is immediately apparent, While
sane of this may be residual fram the upstream field, the majority is due to
turbulence self-generated by the screen. This phenomenon is particutarly ap-
parent in the transverse turbulent velocity canponent which. is. heavily sup-
pressed by all honeycombs. The auto correlations {wiich are all normal ized)
downstream of the perforated plate, however, do not show a distinct bi-modal
behavior which indicates that the self generated turbulence spans the whole
spectrum rather than being confined to the higher wave numbers. This is borne
out by the PSDs downstream of the perforated plate, where the Jevel increases
at all frequencies with increasing throughflow speed {Figure 25). The turbu-
Jent energy generation at the low frequencies is due to the unbounded nature
of the flow and the finiteness of the screen. The high resistance perforated
plates probably divert the incident flow over the edges of the plate where it
separates and thereby produces turbulent kinetic energy at wave numbers cor-
responding to the plate dimensions. The PSDs of the velocity components down-
strean of the honeycomb show the Tow wave number energy to be conmstant, with
the higher frequency levels increasing with throughflow velocity. The change
in the transverse structure of the turbulence across the screen can be deter-
mined to same extent by the cross correlations. An exanple of these for honey-
comb and perforated plate is shown in Figures 26 and 27, Estimates of the
transverse integral length scaie change are made fram these which are discuss-
ed in Section 6. The streamwise integral length scales determined from the
auto correlations are also exanined in Section 6. In view of the contamination
of the downstream (post screen) turbulence field with self generated turbu-
lence, it was necessary to extract the residual upstreanm turbulence field from
these resuits. This is discussed in Section 6 and in consequence the modif ica-
tion of the upstream kinetic energy canponents by the screens is discussed
there.
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For. the steady distortion portion of this experiment, the generators.used were
a 3.81 om square rod, a 5.08 an x 7,62 on rod and the afore mentioned NACA
0012 airfoil for making a tip vortex, The rods produced streamwise velocity
deficits and the effect of the two screen types on them is shown in Figures 28
and 29, In general, the higher the resistance of the screen, the greater is
the suppression of the deficit., The screen having the highest resistance, the
41 percent open area perforated plate produces a deficit inversion, changing
the wake into a jet.

The tip vortex azimuthal velocity field was destroyed by all honeycomb tested,
(Figure 30), however, the axial velocity distortion associated with tha vortex
increased across the honeycomb., It is interesting to observe that this distor-
tion is almost cusp-like. The perforated plates were not effective as suppres-
sors of the vortex, as can be seen in Figure 31. The core of the vortex be-
canes larger due to the plates, but outside of this region, little change is
seen in the azimuthal velocity field. The axial velocity deficit change de-
pended on the open area of perfnorated plate. The lower resistance plate in-
creased it while the higher suppressed it. These contrary effects could be due
to the previously mentioned deviation of the flow around the plate,

5.1.3 The Pressure Drop Coefficients of the Screens

Theoretical models of the pressure drop coefficients of perforated plate and
honeycomb were presented in (29). Values of the pressure drop coefficients of
the screens were used in the test program with a view to assessing these theo-

retical models. Briefly the theoretical models are for a honeycomb, Blasius' . ... . ..

pipe flow coefficient formula,

K = .3164 2 1
Re'is d

While the results of the work of Baines and Pearson, discussed in 29, was sug-
gested for perforated plate
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The screen pressure drop coefficients were obtained by piacing the screens
over a nozzle and measuring the static pressure drop across them, This infor-
mation, together with the velocity at the screen {determined with a calibrated
venturi) allowed the screen pressure drop coefficient to be calculated. A
schematic diagram of the test arrangement is shown in Figure 32. A gauze was
mounted upstrean_in the supply pipe to produce a uniform velocity profile at
the test screen. The pressure drop coefficient is, by definition:

or in terms of the measured quantities,

Pgy ~ Pams

70U

K =

1.115 CM NOZZLE

FLOW TEST SCREEN

MEASURING VENTUR!

Y

]

1
¥

{
/ TRAVERSING
PROBE

GAUZE

e

STATIC PRESSURE
TAP

Figure 32 Schematic Diagram of Screen Pressure Drop Coefficient Measurement
Arrangement
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These quantities were measured at several throughflow velocities and the re-
sults are shown in Figure 33. The loss coefficient of each screen 4s reason-
ably constant with throughfliow velocity. The higher solidity perfarated plate
(41 percent open area) has a higher resistance than the 66 percent open area
perforated piate. The resistances of the 0,95 cm and 1,27 cm thick honeycomb
Screens are apparently reversed; however, as was noted earlier in this sec-
tion, the 1.27 cm honeycomb 1s made of a thinner material, This raised the
possibility that there was a significant base drag contribution to the honey-
comb pressure drop. This possibility, however, was discounted since the open
area ratios of the screens were between 98 percent and.99 percent. On 1nspec-
tion of the 0.95 cm honeycomb under a microscope, it was seen that there was
much.more burring of this honeycamb than the other two and the inconsistency
in the pressure drop coefficients was ascribed to this. In Figure 34 a table
is shown camparing measurements and theoretical predictions of the pressure
drop coefficient, As can be seen for the 1.27cm and 2,54 cm haneycombs, there
was a ratio of about 2:1 between measured and predicted values, The burred
0.95 ¢cm honeycomb had a corresponding ratio of 3,8:1..It seems, then, that en-
trance conditions to the honeycomb can be important in determining the pres-
sure drop coefficient, K, and even with apparentty smooth iniet conditions
there is still sufficient roughness to raise the value of K above the smooth
pipe value. It should be recalled that in (29) the pressure drop coeffictent
of a 0.95 om diameter honeycomb was accurately predicted by Blasius' formuia. ...

K - .3164 (] i 5
Re.?S d
It is thus concluded that for any given honeycanb it is possible for its pres-
sure drop coefficient to be up to four times the Blasius' coefficient and a

typicai value of two is suggested for destgn purposes,
.6328 ¢

Re " 23 d 6

K =
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PRESSURE DROP COEFFICIENT

LN

MODIFIED
SCREEN MEASURED THEORY THEORY —
1,
.95 CM HONEYCOMB 46« &3 143 .286
1.27 CM HONE YCOMB 36— A5 183 ) B 386 ) 2xB
2.54 CM HONEYCOMB 66 -+ .91 381 162
66% OPEN AREA 15 + 18 116
PERFORATED PLATE B&P
#1% OPEN AHEA 50 + 608 L]
PERFORATED PLATE
8 BLASIUS

B&F - BAINES & PETERSON

Figure 34 Comparison of Measured and Predicted Screen Pressure Drop

Coefficients
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The measured values of the perforated plate pressure drop coefficients are
consistent with the tneoretical values, Figure 33, and thus lend confidence to
the model,

6.2 The Transmission Loss and Directivity Effects of ICS Elanents

In the acoustic part of the test program, the transmission loss of various
screen materials in. the presence of flow was measured. In addition, the effect
on the radiation field of possible discontinuities in the ICS structure was
examined.

5.2.1 The Acoustic Transmission Loss of The Screens

The screens tested in the aerodynamic part of the program were also used in
the transmission_loss measurements. In the ICS configuration to be encountered
on the test stand the angle of incidence of the acoustic wave to the screen
material will be approximately normal. In any event, for the perforated plate
this represents a worst case, and the honeycanb transmission loss is very in-
sensitive to incidence angle. (i.e. Transmission loss <1d8, for incidence
angle <51°)

The measurements were made at P&WA's dual reverberation chamber facility. The
source of noise was a Nor-Aire generator and flow through the duct was provid-
ed by vacuum pumps. A schematic diagran of the test arrangement is shown in
Figure 35. The test section lay between the reverberation chambers and the
duct was 2.54 cm in dianeter to ensure only plane wave propagation over most
of the frequency range of interest. The screen sanples are shown in Figure 36
and the method of mounting in the test section is shown in Figure 37. The no-
minal throughflow velocities for which the screen transmission loss was mea-
sured were 6.1 m/s, 9.15 m/s and 12.2 m/s. The noise generated by the Nor-Aire
then propagates upstream through the screen. An array of three microphones was
placed in each of the chambers, Figure 35. The signals from each microphone
were recorded simultaneously for a no-screen configuration, in addition to the
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0.95 cm, 1.27 cm and 2,54 cm thick honeycombs and the 66 percent and 41 per-
cent open area perforated plates, Subsequently, a one third octave band
analysis was performed on the data from which estimates of the transmissien
loss were made,

To determine the transmission Toss of the various screen samples the noise re-
duction between each chamber was first camputed for each configuratien. These
noise reductions were obtained by subtracting the levels at each pair of mi-
crophones for each one third octave band, i.e,,

NR-;--S!.'-’LS - Sl"LR

Since there are three microphones in each chanber this operation produces nine
estimates of the one third octave band noise reduction for each configuration.
The transmission loss of each screen sample is then found by subtracting the
no-screen (baseline) noise reduction from the noise reduction obtained for
each screen sanple.

TLSC = NRSC - NRB = ( Sl"LS - SPLR)SC - ( SI’LS - SPLR)B 8

Equation 8 produces, therefore, eighty one estimates of each one third octave
band transmission loss for each screen sanple, from which the average and
standard deviation of the attenuation may be found.

For the ideal situation of truly reverberant source and receiver chambers, the
canputaticns described above would be redundant since all microphones in any
chamber at a given condition would produce the same measurement and one cai-
cul ation would be sufficient to define a screen transmission loss, However,
this is not the case in practice and the forming of many transmission 1oss
estimates enhances the confidence in the result,

The standard deviations of the one third octave band transmission losses for

all screens and flows were, in general, of the order of the mean value. The
majority of the values were then not significantly different from zero.
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The average value of the 66 percent open area perforated plate transméssion
loss increases with throughflow speed. There is however, littie variation in
that quantity with frequency, as can be seen in Figure 38. where the 9,14 m/s
flow case is shown. At 12.19 m/s there is a considerable increase.in transmis-
sion loss, (Figure 39).The mean transmission loss of the 41 percent open area
perforated plate however, decreases with increasing frequency at all speeds,
With increasing speed there is smal! change in the average value, although at
12.19 m/s, Figure 40, the scatter of the data is higher than for the |ower
speed conditions. The reason for the difference in behavior of the two perfor-
ated plates in frequency is not understood. In addition, the higher transmis-
sion loss measured for the higher open area plate at the higher one third oc-
tave bands is intuitively questionable.

The transmission loss of the 0.%5 cm honeycomb is unchanged by increasing
throughfiow speed. The mean value is approximately zero for al! one third oc-
tave bands, except the highest where it increases to a maximum of about 1.5
dB. The transmission foss shown in Figure 41 for the 9,14 m/s flow is typicai.
The 1.27 cr. honeycomb has simifar characteristics. The 2.54 cm honeycomb has a
mean transmission ioss that is more uniform in frequency than the thinner
honeycomb, see Figure 42. In addition, the mean increased with flow speed from
about 0 dB at 6.1 m/s to 2 dB at 12.19 m/s. In spite of the iarge standard
deviation of transmission loss values encountered here, there is an indication
that the thickest honeycomb (2.54 am) may attenuate a nomally incident wave
at the highest flow speed (12.19 m/s). This suggests that the resistive com-
ponent of the honeycomb impedance is no longer insignificant in this case.

In sumary, then, there is a possibility that at the higher flow speed (12.19
m/s) the perforated plate of 66 percent open area and the 2.54 om honeycomb
have non-zero transmission losses even though the standard deviations are
large. In contrast, the thinner honeycombs (0.95 an, 2,37 an) present no
significant nbstacle to the incident sound fieid. The 41 percent open area
perforated plate appears to attenuate the incident field in the lower one

third octave bands. These resuits are compared with the theoretical predic-
tions in Section 6.3 below.
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5,2.2 The Effect on Acoustic Field Directivity of Honeycomb Corners and
Structure

The test progran was performed at Pratt & Whitney Aircraft's anechoic chamber,
X-207 stand., The test setup is shown in the schematic diagram in Figure 43 and
in Figure 44, The chamber has a volume of 340 m3 and is lined on all sur-
taces with specially constructed anechoic wedges to provide an anechoic
enviroment for frequencies above 150 Hz. The floor, designed to be acousti-

cally transparent, is constructed of tensioned wire mesh located above the
f 1oor wedges.
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A metal frame fabricated from angle iron was used to simulate one corner of
the 1CS, Figure 45, Meeting at an angle of 1350, two .6lm x .6lm sheets of
7.62 cm thick .95 am cell honeycanb were attached to the frame to form an
angle of 135°, The corner formed by the sheets of honeycomb was sealed with
tape to prevent sound leakage. The honeycanb were removable to allow for test-
ing of other corner structures, such as a 2.54 cm di aneter round rod and a

2. 54 cn square bar. Sound insul ation material was added to all exposed metal
structures {other than the test sections) to prevent spurious sound reflection
patterns. The sound source used was a 2.54 cn diameter University Driver Model
Number 1D65X located in 1ine with the corner of the frane and the 120° mi-
crophone as Shown in Figure 45, A12.7 am di aneter metal cone was installed on
the driver to assure a smooth acoustic directivity pattern. The driver was in-
stalled on a rotating mount to allow for changes of sound incidences (00,

5°, 100, incidence angles) with respect to the corner structure. The

driver was activated by a General Radio Model 1310 oscillator used in conjunc-
tion with a Mcintosh Model MC30 amplifier. The source was driven nominally at
2 KHz, 5 KHz and 9 KHz. Capability to reorient the frame structure with re-
spect to the microphone array was also utilized.

MnMm
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\ L
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FRONT VIEW SIDE VIEW

Figure 45 G ometry of Honeycomb Panel Mount ing Frame




Acoustic signals were detected by a polar array of .635 cm di aneter BRK..micro-
phones (Model 4135) positioned at nommal incidences to the sound source at a
distance of 4,57 m. Microphone measurements were taken at 2° increments with
respect to the sound source, Two microphone positioning methods discussed be-
Tow were used to obtain the data; however, only Method (B) proved satisfactory.

Method (A)

Six microphones were located at angles of 110°, 115°,.1£0°, 125°,

130° and .140° with respect to the test stand vertical axis. At each test
condition the framne was repositioned angularly from o to 80, in 2° in-
craments, effectively providing measurements every 2°, from 102° to

140°. This technique was curtailed during the test program when problems

were encountered. The sound field within the chanber did not remain consistent
for each position of the frame structure, resulting in a discontinuous direc-
tivity pattern {i.e. repositioning of the frame produced a different sound
field in frane fixed coordinates).

Method (B)

Twelve microphones were located every 2 from 110° to 132° relative to

the test stand vertical axis. The angular range was necessarily smaller than
Method (A); however, the resultant directivity pattern remained consistent,
Test time was also reduced since fewer configuration changes were required.

For each incidence angle tested a base 1ine condition was obtained to def{ne
the directivity patterns of the driver and frame alone. To obtain the base

Vine condition, sound levels were measured for each microphone at each of the
nominal frequencies tested; 2000 Hz, 5000 Hz, and 9000 Hz. Several repeats of
of the base line conditions were made to assure measurement consistency. The
measurements were repeated with the various test items attached; i.e., hone y=-
comb, 2.54 c¢cm square bar and 2.54 ¢m round rod. For each of the microphones ,
the results were then subtracted fran the base line data at the corresponding
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incidence angle and frequency to give the directivity modification due to the
presence of the body. The honeycanb corner configuration was repeated at each

incidence angle with an aluninum tape seal to determine whether sound leakage
eal. The results indicate no noticeable

occurred with the screen cloth tape
differences in directivity patterns.

the corner between honeycomb panels have

The directivity patterns obtained for
(29) and discussed here, An exanple of these patterns is

n is that obtained from the theory de-

been presented in
ption of the far acoustic field was ob-

given in Figure 46 (The prediction show
scribed in (29)). In general more disru
served with increasing frequency and incidence angie.

ctivity patterns and the modification to

The two rods produced symmetric dire
pattern was also greater in amplitude at _the higher frequen-

the free field
sectional shape does not affect

cies, as can be seen in Figure 47, The rod X-
the directivity pattern greatly.

5.3 Conclusion

The major observations from the test progran were

fies the transverse turbulent velocity com-
it suppresses the stream-wise
s the streanwise turbu-

The flow contraction ampli
ponent and at low contraction ratios,

velocity canponent. At hign contraction ratio
lent velocity component increases, although it did not attain the

starting value.

Steady streanwise velocity def tcits are suppressed rapidly by the
flow contraction, The azimuthal velocity camponent of a streamwise

aligned vortex was substantially unchanged by the flow contraction,

The streamwise velocity distortion associated with the vortex in-

creased in anplitude and extent.
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The turbulence data gathered downstream of both honeycomb and perfor-
ated plate was contaminated with self generated turbulence. The
honeycomb screen suppressed the transverse turbulent velocity field,
(The effect of the screens on other turbulence parameters is discuss-
ed in the next section, where the residual upstream turbulence field
{s separated fram the screen self generated field).

Steady streamwise velocity deficits are suppressed according to the
resistance of the screen. In the resistance range studied here, the
higher the resistance the greater the suppression. The azimuthal ve-
locity field of the vortex was totally suppressed.by the honeycanbs
and scmewhat reduced and dispersed by the perforated plates. The
streamwise velocity distortion associated with the vortex increased
on convection through the honeycomb and the 66 percent open area per-
forated plate.

The resistance of perforated plate is adequately predicted by theory.
The resistance of the honeycanb is dependent on the entrance condi-
tions and this precludes accurate estimates of the resistance for an
arbitrary honeycamb. However an estimate may be made, by doubling the
value obtained from Blasius' expression (Equation 6).

The transmission loss of the thinnest honeycanbs (.95 cm and 1.27 om)
is negligible and invartant with throughflow speed. The thickest
honeycanb (2.54 an) has a transmission 1oss that increased with
throughflow speed to 2dB at 12.19 m/s.

The transmission loss of the 66% open area perforated plate is negli-
gible at the lower speeds (9.14 m/s and 6.1 m/s) but increases to 2d8
at 12.19 /s, This attenuation is constant in 1/3 octave band. The
A1% open area perforated plate transmission 1oss decreased with fre-
quency and changes littie with throughflow speed. The transmission
loss is significant at the lower 1/3 octave bands .
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corners and structure can di sturb the
eta source by significant anounts,
jsruption of the radiation

The presence of honeycomb panel
radiation field of a simple discr
The higher the frequency the higher the d

field.

The data gathered during the test progran was used to assess and, if neces-
sary, modify the theoretical models presented in (29). The results of this

comparison are discussed in the next section,
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6.0 THE DEVELOPMENT OF THE ICS DESIGN SYSTEM. {TASK G}

In this section the test results of Section 5 are used to assess and/or modify
the analytical models described in (29). Then the design criteria for an ICS
are examined and the criteria for ICS location and material selection are es-
tablished. The process is presented as a step by step procedure and exercised
for the JT9D and JT15D engines.

6.1 The Transfer Functions for the Effects of Contraction and.Screening on
Turbulerce

Measured shanges in a turbulence field due to convection through 1) a flow
contraction and 2) various screens, were described in Section 5. Theoretical
models of these phenomena were identified in the Interim Phase Il Report {(29).
The aim of this section is to conpare the theoretical and experimental results
and.thereby assess the modeis. If necessary the theoretical models will be
modified.

6.1.1 Contraction

The comparison of measured with predicted characteristics as the turbulence is
convected through a contraction begins at the coarsest level, the kinetic en-
ergy, and proceeds through increasingly detailed properties to the power spec-
tral densities.

The measured kinetic energy_ratio across the contractions, as a function of
contraction ratio, is shown in Figure 48 togetner with the predictions using
the simple models. The measured variation is approximately 1inear in contrac-
tion ratio and its gradient is approximately half that of the theoretical var-
jation, This discrepancy 15 in part due to viscous dissipation not accounted
for in the model. A correction for viscous decay was su¢gested by Ribner and
Tucker (33} and applied by Tucker and Reynolds (34) to their data with some
success (i.e. their corrected data was in closer agreement with Ribner and
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Tucker's Theory). This correction is based on a linear decay of turbulent kin-
etic energy with distance in a uniform mean velocity field, and can be written
as

-1
Kma(x-xo) L

where Xo in Equation 9 refers to the position of the virtual source of the
turbulence, This correction was applied to the present data and the corrected
values are shown in Figure 49. Alsoc shown in this figure are data gathered by
Uberoi (31) and Hussein and Ramjee (32). These data are also viscous decay
corrected and as can be seen, the data are in good- agreement. with each other,
Various contraction tyves were studied by these investigators; Uberoi examined
contractions of square cross section, Hussein and Ranjee considered ¢ircular
cross secttons. The contraction rates were also varied. The agreement is quite
close and thus the decay process through the contraction is not strongly de-
pendent on the details of the contraction.

On comparing the viscous decay corrected data to the predictions of the
Batchelor-Proudnan, Ribner-Tucker theory, much closer agreement is observed
(Figure 50). The simple theory predictions are not as close as the Batchelor-
Proudnan, Ribner-Tucker theory. The corrected data is still sanewhat low at
the_higher contraction ratios, but this is attributable to error in estimating
the location of the virtual turbulent source, i.e, XO.

The next higher level of detail of the turbulence field is supplied by the RMS
values of the component: turbulent velocities, Two velocity components were
measured in the test program and the resulting RMS velocity ratios through the
contraction are shown in Figure 51. These data are not viscous decay corrected
in this figure. The predictions using the simple theory of Prandtl discussed
in (29) overestimate both the increase in the transverse velocity component
and the suppression of the streamwise velocity canponent. The theory of
Batchel or-Proudman, Ribner-Tucker produces predictions that are closer to the
data but still err in the same way as the simple theory predictions. A reason
for the departure from the 1inear theory (in addition to the viscous decay
discussed earlier) was foretold in the Interim Phase Il Report (29). There it
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was stated that for this configuration the turbulence inertfal effects are not
negligible and that consequently there would be a tendency to return to iso-
tropy in the contraction (or perhaps more accurately, a tendency to equiparti-
tion of the kinetic energy between the three velocity canponents), This ten-
dency is seen most apparently in the streamwise component (Figure 51) as it
reaches a minimun and subsequently increases. This type of deviation from the
linear theory is not explainable by viscous decay. The tendency to equiparti-
tion is shown more clearly in Figure 52 where the ratio of the RMS values of
the transverse to streamwise velocity component is plotted as a function of
contraction ratio. At the higher contraction ratios a maximun of this RMS ra-
tio is reached and subsequently a tendency to equipartition of kinetic energy
is szen. The predicted values are also shown on this figure, The anisotropy
predicted by the 1inear theory is observed in the data only at low contraction
ratios ( <2). In this regime for the present configuration this probably cor-
responds to the region where viscous decay and turbulence inertial effects are

negligible. The data of Uberoi and Hussein and Ramjee will now be campared to
the current data.

Figure 53 compares the data of Uberoi and, Hussein and Ramjee. The first thing
to note is that the close agreament in kinetic energy ratio data of the three
experiments, previously noted, is repeated when the transverse RMS velocity
ratios are compared (i.e. The ratios obtained by dividing the RMS value at a
contraction of !1 by the RMS value at a contraction ratio of unity). The
transverse RMS velocity ratio data of Uberoi agrees very closely with the pre-
sent data. The data of Hussein and Ramnjee is somewhat Tower than Uberoi's and
the current data, but theose authors note that the position at which their ref-
erence RMS values were determined was not the same as Uberoi's (who used the
beqinning of the contraction). 'ussein and Ramjee assert that their transverse
RMS velocity data agrees closer to that of Uberoi if the same reference posi-
tion is used. Thus the variation of the RMS ratio of the turbulent transverse
component is to a large extent independent of the contraction rates and shapes.
The viscous decay correction for the three experiments is similar, so that the
same statement can be made of the corrected transverse RMS ratio data,
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In contrast, the RMS ratios (i.e. Ratio between the RMS value at contraction
ratio ¢, and at a unity contraction ratio) of the streanwise turbulent
velocity component for the various contractions are quite different although
the general trends are similar. This appears to be in conflict with the pre-
vious observation that the total kinetic energy ratio and the transverse
velocity ratio variations are approximately the same, for the experiments of
Uberoi, Hussein and Ramjee and the present data, For if the kinetic energy is
the same and the transverse components are the same, one would expect the
streamwise component variations to be the same for all three experiments. How-
ever, if the streawise turbulent velocity contribution to the kinetic energy
is small compared to that of the transverse components then variations in the
streamwise velocity component level will not affect the magnitude of the kine-
tic energy significantly. This is the case for the contractions considered
above, except at the lowest contraction ratios.

In view of the dominance of the energy in the transverse turbulent velocity
components, it is important that the behavior of this component be properly
modelled. Thus the viscous decay correction is applied to these components. A
comparison of the corrected transverse RMS levels with theory is shown in
Figure 54, There is close agreement with predictions using the Batchelor-
Proudnan (35), Ribner-Tucker theory. The simple theory is not as good. The
Batchelor-Proudnan, Ribner-Tucker theory when corrected for viscous decay then
provided the best estimate for the transverse RMS ratio through a contraction.

3y (* - xo) A

V2 T T A k- x) ; 10

Neither this theory nor the simple theory are close for the streamwise RMS.
ratio predictions although at the low contraction ratios (<6) before energy
transfer ts apparent, the Batchelor-Proudnan, Ribner Tucker theory pruvides a
reasonable estimate, The model for this component will be selected based on
this and other considerations to be discussed in Section 6.4.
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The variations in length scale ratios (i.e.
at a contraction ratio of £, a
through the contraction are sho

The ratio between the length scale
nd the value at a contraction ratio of unity)
wn in Figures 55 and 56. Four integral length

scales were computed from measurement {as described in Section 5), an axial
and a transverse scale of the streamwise turbulent velocity component (Lll'
transverse scale of a transverse turbulent velocity
onsidering the data first, it is interesting to
ipartition of energy observed between the turbu-
lent velocity components is not reflected by a tendency to isotropy in the
integral length scales. The axial scales increase and the transverse scales
Both axial scales and transverse scale ratios
. (1.e.f}jg§ ,E;;gg ), are well
Ljia Maa
The scale ratios of the transverse component,

L13) and an axial and a
component (L21, L23). C
note that the tendency to equ

decrease almost monotonically.
of the streamwise turbulent velocity component

predicted by the simple theory.

(i.e. Loim Lo3p ), however, are not well predicted at the higher
_21B 238
Lyia P23a . N
contraction ratios. The measured component scale ratios, (i.e. 138, _23B ),
Liaa L23a

are closer to the predictions of the viscous-decay corrected Ribner-Tucker
theory (33), also shown in Figures 55 and 56. The length scale ratios were
determined using this theory by U. Ganz (36). He found that for the transverse

velocity components

L21) 5 ( L31) 5 212 I

Laa )B ( L33) . 211/2 b

13
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The predictions in Figures 55 and §6 used the expressions 11 and 12 with the
viscous corrected mean square velocity ratio discussed earlier in this sec-
tion. In consequence the ICS design system will use the simple models for the
streanwi se component length scales and Ganz's formulation (with the viscous
corrected mean square velocity ratio) for the transverse velocity camponent
length scale ratios.

Two types of PSDs of the turbulent velocity field were determined by measure-
ment, (see Section 5), both in the frequency domain (which corresponds to the
streamwise wave number under the frozen turbulence assumption) of the trans-
verse and streamwise velocity components. The pre and post contraction PSDs
are shown in Figure 57 for the transverse velocity component. There is very
little change in this PSD over the contraction range examined. It should be
noted that in this figure and Figure 58 only the spectral shapes are being
compared (each PSD has been normmalized by it's maximum value). This result,
i.e., the constancy of the transverse component PSD, is inconsistent with the
simple model since from the measurement

F2B {w) =~ [“2?\ () 14

where F denotes a nomalized PSD and noting that

w = U 4 k

1A Kia = U

1B "1B 15

This is Taylor's frozen turbulence assumption, and the PSDs in this equation
and in the subsequent section, show the frequency domain may be mapped into
either the upstream or downstream axial wave number space using these trans-
formations.

Then Equation 14 becomes

Fap ( Kia ).—; Fan ( K1a ) 16
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This s in conflict with the simple model which would predict that

an ( Kin ) - an (kll\ ) 17

or
K
Fog ( v ) = Foa ( Kin ) 18

The_approximation of Equation 16 is, however predicted by the Ribner-Tucker
theory (33). In their report the comparison of the PSD, F2 (kl) before and
after the contraction shows that the PSDs are very similar in shape when plot-
ted as a function of the upstream streamwise wave number.

The streamwise velocity component PSDs are shown in Figure 58. Sach PSD is
denoted by the contraction ratio at which it occurs. Those marked with 1 are
pre contraction PSDs. If this figure is viewed together with Figure 51 it is
jmmediately apparent that as the streamwise component RMS value becomes lower
its spectrum shape diverges from the pre contraction PSD. At a contraction
ratio of 5.65, a minimun in the RMS value is reached corresponding to a PSD
shape that is most different from the pre contraction PSD. Subsequently as
energy s transferred into the streamwise component from the transverse com-
ponent, the streamwise PSD becames more similar to the pre contraction PSD. In
the pre energy transfer region (i.e. contraction ratios <6.65), if the PSDs
are plotted in terms of the local wave number, it is clear that they are very
similar in shape. An example is shown in Figure 59 where the PSD at a contrac-
tion ratio of 2.29 is campared with the pre-contraction PSD. In short, for
contraction ratios < 5.65.

Fia ( k1A ) = Fin ( K1i ) 19
This is in accordance with the simple model. The characteristics of this PSD

as predicted by the theory of Ribner and Tucker (33) and in the extension of
U, Ganz (36) are not observed in the streamwise velocity component data.
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From Equation 19 and the corresponding mean square velocity and integral
length scale ratios, the relationship between the un-nomalized PSDs may be

determined as

Fin ( Kip ) RS W7 F1a (klz\ ) 20
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For the other streamwise velocity component PSDs, it is reasonable, in view of
the good agreement of the predicted length scale ratios with measurenent, to
assume that these PSDs will be related in a similar manner to Equation 20. In

general then for the streamwise velocity canponent in the initial contraction
region:

L, .
) _ 14B
Fin (ij) = Eﬂ; FlA(ij) 21

At the higher contraction conditions the streamwise canponent spectra change
radically. Tais is due to the transfer of.energy from the transverse velocity
canponents discussed earlier (recall that the energy transferred from the
transverse velocity component iz small initially compared with the total
transverse velocity kinetic energy, but is large campared to the -existing
streanwise kinetic energy. Therefore while the effect of this transfer.on the
transverse spectra is small, the effect on the streamwise velocity camponent
is large). Specifically the streamwise PSD receives energy in the Tow fre-
quency regime and this is expected since the mechanism of transfer is iner-
tial. Neither the simple model nor the 1inear theor of Ribner and Tucker pre-
dict the effect of energy transfer on the streamwise canponent of the turbu-

Tent velocity field. However, there is an alleviating condition that will be
discussed below.

The comparisons of measured and predicted PSDs together with the scale and RMS
velocity ratio canparisons point to the conclusion that the transverse charac-
teristics are mest accurately portrayed by the viscous decay corrected Ribner-
Tucker, Batchelor-Proudnan theory. Thus the 6 transverse velocity PSDs will be
modelled in the ICS design system by the viscous decay corrected formul ations
of Ribner and Tucker and Ganz (33,36) who extended the work of Ribner and
Tucker to complete the PSD matrix, The streamwise velocity scales and PSDs in
the pre-energy transfer region, described above, zre accurately modelled by
the simple theory. Ouher characteristics, namely, the RMS velocity ratios and
PSDs in the energy transfer region are not described well by either theory and
it is appropriate to discuss at this time the alleviating condition mentioned

above that lessens the importance of accurately predi~ting stream wise charac-
teristics.
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The component of the turbulent velocity field that is probably most important
as ragards noise generation is the upwash in the tip region of the fan rotor.
As shown in (29) this is related to the transverse and streamwise turbulent

veloctty components by means of the relative blade inflow angle, %,

" .
1."n (@} = Fy () cos” Yo L (i) sin‘)' Yo 22

where F denotes a PSD and the subscripts 1 and 2 refer to the streamwise and
transverse velocity compenents, respectively.

Integrating this equation over frequency yields,

N N
YO U2 sin )0 23

Now if it is assumed that the turbulence is initially isotropic then

and the ratio of the mean square values of the upwash com-
ponent across a contraction may be written as

S R 0 NP 0

e = e CO8 Y + - 51N % 24
(=), (%)
A | A

where B denotes the post contraction location and A, the pre-contraction, or
upstream location, In the tip region of a JT9D, a typical value of Yy is

30°. If this fact is used together with the measured data at a contraction
ratio of 21.3 then an estimate of the mean square ratio of the upwash velocity
component across the contraction can be made, and is

( )
w,
5}

———————— = . 2883 + 2.48 25

2 : b
( " )A STREAMWISE  T'RANSVERSE
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The upwash velocity ratio thus appears to be dominated by the transverse tur-
bulent velocity component and hence the prediction of the turbulent upwash
velocity through the contraction is probably not strongly affected by errors
in the streamwise component characteristics provided the energy transfer is
not too far advanced, Consequently for the purposes of the ICS design system
and in view of the tendency of the streamwise component energy to recover at
the high contractfon ratios encountered on the test stand (see Figure 53,
where at a contraction ratio of 21 the streamwise RMS ratio =~ .6), it is sug-
gested that the streamwise component mean square velocity ratio be approxi-
mated by .5 in the higher contraction regime(ﬁlf> 6, say). With regard to
the post contraction streamwise PSD, in this higher contraction region, there
is some similarity between this PSD and. the pre contraction PSD in the up-
stream wave number, klA' It is thus suggested that the PSD relationships be
at the higher contraction ratios, for purposes for 1(S design,

L
11B

F k_)=u

1B ( A 1 Lyya

Fia ( Kia ) 26

In sumary the contraction models to be used in the ICS design system are

[tem Source Expression
Kinetic KE

B _ 1 | )
Enerqy ] Uy + 2n 27
Ratio KEp 3 171 2
Transverse Ribner- ( X - X )
Camponent Tucker 3¢, o] A
Mean Hy = Mg = ~% 28
Square Batchelor- (x - xo)
Velocity Ratio  Proudman B
Streamwise o= i <6
Canponent Prandt] 29
Mean
Square Data hp = .5 iy 2 6 30

Velocity Ratio
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6.1.2 Screening

The experimental determination of the effect of a screen on a turbulence field
convecting through it, fis canplicated by the turbulence generated by the
screen itself. This screen-generated turbulence contaminates any downstream
turbulence measurements as noted in Section 5. Furthemmore since the energy
lost from the mean flow is converted in part into turbulent kinetic energy by
the screen, the greater the mean flow energy loss the greater will be the tur-
bulent kinetic energy gain., Thus the screen generated turbulence intensity
level can be expected to increase with increase in screen resistance and
throughflow speed.

The contamination of the downstream turbulence field was particularly evident
in the perforated plate configurations, This contamination is illustrated in
Figure 60 where pre and post screen transverse velocity component PSDs are
shown for various throughflow velocities for the 66% open area perforated
plate. As the duct speed increases (this is the velocity in the suction rig
duct, Figure 5), the throughflow speed increases and the self generated turbu-
lence increases. It should be noted that the PSD level increases at all fre-
quencies. The high frequency increase is due to turbulence generated at the
perforated plate holes while the increase at lower frequencies is probably due
to the large scale turbulence generated by the flow around-the edge of the
screen. This latter source of self generated turbulence will not be present in
an ICS. The small scale hole- associ ated turbulence, however, will be present
but will not contribute to the fan tones provided the perforated plate hole
size is small.

15 order to extract the characteristics of the residual upstream turbulence
field, uncontaminated by screen gener ated turbulence, it was felt that since
the downstream intensities and kinetic energy increased as the throughflow
increased, if the dala were extrapol ated back to small throughflow velocities,
a reasonable estimate of the residual turbulence characteristics would be ob-
tainable. In Figure 61 the kinetic energy ratios across the perforated plates
are shown as functions of duct velocity. On extrapolation back Lo zero duct
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speed (this corresponds to a low throughf | ow velocity), values of the kinetic
energy ratio due primarily to the residual turbulence fields are ohtatned for
the two perforated plates (66% open area, 41% open area). The extrapolation is
performed using duct velocity since the screen throughf low velocity is not as
accurately known. These data are compared with simple model predictions and
Townsend's (37) data (obtained using gauzes) in Figure 62. The agreement is
good.

This technique is aiso used to estimate the ratios of the mean square values
of the turbutent velocity components across the perforated pilates. The extra-
polated values obtained are shown compared to theory and Townsend's data in
Figure 63. As can be seen, the currently measured transverse and streamwise
component ratios indicate a return to jsotropy for each perforated plate (it
should be noted that the turbulence upstream of each perforated plate appeared
to be approximately jsotropic) (The return to isotropy is at a more advanced
stage in the present experimental data than in Towrsend's data). Neither com-
o ponent ratio is, in consequence, predicted well by the theory of Taylor and
= gatchelor (29) or the simple theory, although the measured streamwise compon-
| ent ratio for the higher solidity perforated plate (41% open area) is not much
different from the theoretical prediction. The values of the velocity compon-
ent ratios predicted by theory do provide an upper bound to the extent of the
unequal energy distribution due to the screen. The assumption of a return to
e jsotropy provides the lower bound. The choice of a model for the mean square
velocity ratio will be discussed in the context of the test stand situation in
Section 6.4, below.

o

The integral length scale ratios were also determined by extrapolation and
they are shown in Figure 64 where they are canpared to the preicted values
using Taylor and Batchelor's theory and the simple theory. Four length scale
ratios were determine ¢or each perforated plate, They are those of L11’
Loys Ly L3 where Loys for instance, is the integral length scale of

the u, velocity component in the X1 direction.
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The measured scale ratios do not agree well with either theory. This 1s not
unexpected in view of the 1ack of agreement at the mean square velocity ratio
Tevel, However, the discrepancy {s not due to the returning of the turbulerce
to {sotropy since this would require that the scale ratios be all of the sameé
value, Thus, as observed in the contraction experiment, while the energy dis-
tribution tends to equipartition between components there is not 2 correspond-
ing tendency for the length scales to attain their isotropic values, The scale
data is, however, to sane extent quest1onab1e due to the diffusion of the flow
by the perforated plate. This diffusion has 1ittle effect oOn the kinetic en-

ergy ratio across the perforited plates. Consequently the scale model will be

chosen as & result of other considerations discussed below in sub section
component downstream of

6.1.3. The shape of the PSD of the Lransverse velocity
the perforated plates is similar to that upstream at the lower frequencies

(Figures 65 and 66). The higher frequencies aré contaminated with self-
generated turbulence. This agreement in spectral shape is in accordaice with
the simple theory. The streamwise component psD's (Figures 67 and 68) tend to
become similar in shape to the corresponding pre-screen pSD's as the plate
throughflow velocity decreases. Thus these data tend to support the simple —
theory that, as 3 whole, the psD_shape of the upstream turbulence is unchanged
by the perforated pl ate. This may be the result of the tendency to return to

jsotropy observed in the mean sguare velocity components.

In summary, both PSD's and mean square velocity ratio's indicate a tendency to
return to isotropy. The integral length gcales do not yield clear information.
The kinetic energy change across the perforated plate 1is predicted fairly well

by the simple theory 3s are the residual turbulence PSD shapes downstream of

the perforated plate, The effect of the honeycomb on convected turbulence will

now be considered.

The turbulence field downstream of all honeycombs examined was also contamina-
ted by el f-gener ated turbulence as noted in Section 5. 1t is seen in the PSDs
(see Figure 74, for example) and is part1cu1ar1y noticeable in the auto cor-

relations of the yransverse velocity canponent, Figure 69. Here the increasing

83




o38Td poIRIOyISd
2a1y uado %99 SSOIOY SASd IuSUOdWOD AITI0ISA SSISASURIL DIZTIRUION §9 INbrd

{ZH}
—t—e—— ADNIN0OIHS

ST T o L - T T L i ————— T TR T T ——————

00S oar 00€ 00Z aot 0 90S oot 00t 00Z 0oL 0 00s oo 00E 00z
| T ] L 7 1 ¥ ¥ L | I I I I 1

S/RZeLTL
Q33dS
Lona .S

12na

NIIHISISOd — — —

NI3HOS 34d ———

P T - O M. W o T O T P %,

“1L00°

ALISNIQG TYHLI3dS HIMOd AIZITYWHON

84




e T T

85

s3e7d paIeI0FIAd
psIy uado ¥Tp SSOISN SA5d suswodwop AITOO0TAA sszaasueil PIZITPWION 99 3anbrA

{ZH}
~a——— AJNINO3 -
0as  Gov 00E 002 oot g 00s 0ov 00t 00Z 0ol g 00§ oov 00E oo oot 0
r T H 1 T L T T | T L T T T T

ALISN3IQ 1VH1D3dS HIMOd Q321TVWHON

LEEEH a3ads a3ids
10a £3n4 1ona

S/WZELEL S/NZ9L S/ 8Y0E g
1

NIIHISLS0d — ——
n33YIS 38d

2 ol gt




(ZH)

F
Qo
|
=
>
C
re
m
o]
9
~’, rr o]
W =
VNS, M
"
A, 7 2
m
‘y O
Lo -
b »
>
o
™m
Zz
] «n
l
A
S/mZELzL S/WZ9z S/W 8¥°0E _
aids a3ads aizds _
Ltana 19na AQ 19na
i 4,

NIIHIS 4S0d — — —
N3343S3Yd —0n

o
- <]




938Td PIIPIOIISG

eazy usdQ ¥Tp SSOIOW sasd Jusuodwo) A3ITo0[PA SSTMPITIS DOZITPUWION §9 3InbTI

(ZH)
~—— AJN3IND3IYI

S/NZELZL sf

Q334S
1Ina

S/N BT OE
Q3348
1ana

N3IIHIS LS04 = ===

N3IIHOS IYd ———

ALISNIQ Tv4103dS HIMOd QIZFTVYWHON

87



quoofauocg ws
£Z2°T ssoioy usucduwo) AITOOTSA 95ISLSURI] Y JO SUCTIRISIIOD oIny

6% sImfrz

(IS AV130 IWIL

00t e 00t 00t a 0oL ¢ 00t -

r T i ! I |
o
i

N3360S N33YIS N33HS

1504 = 1504 1504 |_ L
f T f T r T

e en, |

“\l’l‘/ ] — c
NITHIS NIIYIS N3I3UIS !

Fud 34d 3ud 41

S/W Z6' L2t Q334S Lona

S$/N 294 43345 12nA

S/W BY0E Q33dS £200

NOILLYIIHHOI0LNY QIZINTVINHON




level of high frequency turbulence 1s seen with increasing through flow velo-
city. This increasing level of.high frequency energy is manifested in the
autocorrelation as a progressively sharper spike. The upstream autocorrela~
tions are also shown in the figure, and the higher frequency energy content. of
the downstream turbulence field is self-evident, The extraction of the resid-
ual turbulence levels and integral length scales is carried out by using the
auto correlations, (see Figure 70). (This procedure is used rather than the
extrapolation method described for the perforated plates because it produced
more data poeints and also because the self generated turbulence was not clear-
1y defined in the perforated plate auto-correlation.) Thus the turbulent kine-
tic energy ratio across the honeycomb could be found for the turbulence con-
vected through the honeycomb, uncontaminated by self-generated turbulence. (It
is uniikely in view of the small scale of the self generated turbulence that

it will contribute to fan tone noise, however, there_could be a contribution
to fan broadband noise),

The ratios determined from the residual convected kinetic energy are shown in
Figure 71, They are plotted as a function of the pressure loss coefficient.

This parameter is chosen rather than the flow angle ratio () which is effec-
tively zero for each honeytamb (see Section 5). The theoretical values of the

kinetic energy ratio are also shown as a function of pressure loss coefficient
for « =,

‘_‘F‘g_l(l ’

KE, -3 V1K 40

The agreement with the prediction_of the simple theory is good.

The mean square component velocity ratios (with the self generated contribu-
tion removed) are shown in Figure 72. The streamwise velocity component levels
are higher than the transverse component levels. The equipartition of energy
observed downstream of the perforated plate is not therefore, repeated tn the
case of the honeycomb, as might be expected, since honeycomb greatly attenu-
ates the transverse velocity camponent. On comparison with predicted levels,
however, it is noted that the measured transverse component levels are higher
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Figure 70 Extraction of Residual Upstream Turbulence Characteristics From the
Downstream Autocorrelation 1
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Figure 71 Comparison of Measured and Predicted Kinetic Energy Ratios Across
Honeycomb
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than the predicted values (of approximately zero) while the streamwise compan-
ent values are for the most part, lower. A slight tendency to {sotropy or

equipartition of the turbulent kinetic energy relative to the theoretical pre-
diction is thus indicated.

Again then, as in the case of the perforated plate, the data 1ie between val-
ues predicted assuming a return to isotropy and those predicted ascuming no
return. The situation likely to be encountered downstream of an actual ICS
will be discussed in the following section,

% .95 CM HONEYCOME..

UPPER-STREAMWISE ‘ 0 1.27 cm HONEYCOMB
BF LOWER- TRANSVERSE Q  2.54 CM HONEYCOMB
' SIMPLE THEORY
sk
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Figure 72 Comparison of Measured and Predicted Mean Square Velocity Ratios
Across Honegoombd
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The integral length scale.ratios are shown in Figure 73. The transverse scale
ratios tend to be close to the predicted value of unity, while the axial
length scale ratios are on the whole somewhat .higher. The 2,54 cm thick honey-
comb (K = .79) yielded erratic values and this was due in part to the low
level of the residual turbulence compared to the honeycomb generated level,
The length scale ratios support the non-isotropy in-the turbulence field ob-..
served in the energy distribution. The length scale ratios may be roughly
approximated by unity and this vatue will be used in the ICS design system.

The change in shape of the PSDs of the two velocity components is shown in
Figures 74 and 75. The 2.54 cm thick honeycomb configuration is shown here,
but the comparisons are typical for the other honeycombs. Each PSD is normal-
jzed by its maximun value thus allowing a comparison of the shapes to be made,
The comparisons of the streamwise velocity component PSDs, Figure 74, indicate
that the honeycomb generated turbulence increases with increasing throughflow
speed. This corresponds to the deductions made previously from the autocorre-
lations. In addition there is a tendency for the downstream PSD shape to ap-
proach the upstrean PSD shape as the throughflow velocity decreases (i.e. at
the 30.48 m/s duct velocity condition, corresponding to the lowest throughfiow
speed, the downstream streamwise velocity PSD is most similar to the upstream
PSD shape). The transverse camponent PSD conparisons show a similar trend,
however, because of the extreme suppression of the component, the downstream..
PSDs are dominated by the self-generated turbulence even at the lowest through-
flow velocity. The current measurements then provide 1ittle information on the
distribution of the residual energy in the transverse velocity component down-
stream of the honeycomb. The integral length scale ratios discussed above are
roughly unity, which suggests that the residual energy distribution of the
transverse velocity component could be similar to the prescreen distribution,
These data then do provide some support for the simple model PSD relationship

Fijp = Fija 41

where F represents a PSD normalized with respect to its maximum value. This
model will then be used in the ICS design system.
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In_summary, the turbulence kinetic enargy ratio across both types of screen
(perforated plate and honeycomb) with self generated turbulence corrected out
s reasonably well predicted by the simple theory of Taylor and Batchelor. The
corresponding values of the streamwise and transverse components and mean
square velocity ratios are not well predicted for the perforated plate in view
of an apparent return to isotropy. The theoretical predictions are closer for
these ratios across honeycamb, probably because the honeycomb produces a much
more uneven energy distribution between streamwise and transverse velocity
components., The measured integral length scale ratios across the screens are
gcattered around unity, while the downstream PSDs are contaminated to a
greater or lesser exteni by self-generated turbulence. There is some evidence
to suggest that the residual turbulent energy is distributed in wave nunber in
a similar way to the pre-screen turbulence.

The models for the effect of perforated plate and honeycomb on turbulence to
be used in the ICS design system are:

Item Source Expression
KE
1 ) 42
Kinetic L H. + 2u
Energy KE 311 2
Ratio
- __(1+u—uK)2 43
Mean Taylo: M1 7 I f o + K
Square and
Velocity Batch?I?r
Ratios (Simple ny = o2 a4
On return to Isotropy

e Kby 45

S =

1 2 KLA
Integral Simple L = L..
Length Model 138 ijA 46
Scale
PSD Simple -

Model Pl]B Ny Fl]A 47
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6.2 The Transfer Functions for the Effects of Contraction and Screening on
Steady Distortions.
As described previousty (Section 5) three types of wake generators were tested
to study the effects of contraction and screening on steady distortions. Two
of these produced streamwise velocity deficits while the third, an airfoil,
produced a vortex. For the contraction part of the program a 3.81 cm square
rod and a symetric airfoil, 1 ¢m thick, were used to produce the axial
velocity deficits. For the screening part, a 3.8) cm square rod and a 5.08 cm
X 7.62 cm rod were used to produce the axial velocity deficit. The data
gathered in these experiments were used as described below, to validate .or.
modify the theoretical transfer functions.

6.2.1 Contraction

The transfer function for the affect of contraction on a steady axial deficit _— -
is first considered. From the measurements using the 3.82 om square rod,

values of the wake deficit ratios and wake width ratios as a function of con-
traction ratio were obtained. The tabulation of these ratios is shown in

Figure 76. The comparison with theory is shown in Figure 77. Only two values

of the measured wake width ratic are shown in Figure 77, since at the other
contraction ratios the velocity deficit ratio was zero and the corresponding

wake width ratio was indeterminate,

The theoretical model for the contraction of a viscous wake was reported in
the interim Phase II report (29) of this contract.

It is
1
Velocity  4U; (x) anl 32 ! |-z
Deficit ey -4 ¢ + 48
Ratic au, (r ) 1 l 1 X(x) ( 1 + 211/2) ‘
Wake ‘ R 1/2
Width b(r) _ ., -5/4 0 /2 + 2D 1 l 49
Ratio D(FgY ~ "1 ) X(ig) {1+ ¢,77)
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VELOCITY WAKE
RIG STATIONS CONTRACTION REFICIY WIDTH
SPEED RATIO RATIO RATIO
30.48 M/S 659 264 883 .-247 1.3562
30.48 W/S 568 203 3018 a 0
76.20 M/S 569 264 1,268 147 .61
76,20 M/S 569 203 9,348 0 0
© 121,92 M/8 559 264 1.413 0 ¢
121.92 M/S 569 203 14.167 0 0

Figure 76 Wake Ratios Through a Contraction (3.81 cm Square Rod)
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The value of the virtual source distance X(ro) was, for a case with the con-
traction ratio equal to unity determined. from the measured data and was found
to be .29 c¢m. The model predictions in Figure 77 use this value.

The camparison of measured with predicted values shows that the trend of wake
velocity deficit decay is duplicated by the model but the absolute velocity
deficit ratios are overpredicted. At low contraction ratios, not unexpectedly,
the agreement is close, The wake width ratio is not well predicted by the
model. The two data points available indicate an increase in wake width ratio
with contraction vratio. However, it is expected that at high contraction ra-

tios the slope will be negative. A mechanism not accounted.for. by the theory
is thus indicated.

The discrepancies between model predicted ratios and measured values could be
due to an interaction between the contraction and viscous effects unaccourted
for by the model. A possible explanation which would explain the data is that
at low contraction ratios the viscous forces in the wake are more dominant
than the inertia forces thus causing the wake width to increase. The velocity
deficit correspondingly decreased more rapidly than would be predicted by a
theory not accounting for this interaction., Subsequently as the contraction
ratio increases, the inertial forces bucame increasingly dominant causing the
wake width to contract.

To account for this contraction-viscous interaction the following procedure
was_adopted:

a) The distance between measuring stations D was adjusted to fit the measured
velocity deficit ratios. With this approach the interaction effect mani-
fests itself as an effective distance D which is a function of contraction
ratio, &,. 1n normalized form, using the wake generator thickness, a,
this function was determined to be

D,
EFF }
=% = 30.12 ¢y - 21.56

50

and is shown in Figure 78.
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Figure 78 Normalized D-Effective as a Function of Contraction Ratio.

The corresponding value of the virtual source distance X(ro), when normal-
ized is

X(ro)
a = .49 51

b) A multiplicative constant was applied to the wake width ratio expression
and evaluated using the measured data interpolated at !1 = 1, This con-
stant was determined to be ,318.

The adjusted transfe: functions thus become:

velocity  sum) __, -1/4 ), 32, 2 (30,02 2) - 21.56 ) ¢,
Deficit AU(E) ~ "1 1 1/2 52
Ratio : X(r) ( 1+ 2 )
Wake
Widh b o s/ j Y (30.12 2, - 21,56 )%, 53
Ratio  b(ry = ° 1 1 12

( Key (140,12
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The plots of these models are shown in Figura 79 together with the measured
values.-

From the measurements obtained using the symmetric airfoil, shown in Figure
80, it is apparent that the wake generated by this type of body reczovers very
rapidiy, In fact at the 25.4 cm and -20.3 cm measuring stations at which data
at contraction ratios ranging from 1 to 14 approximately were gathered, no
wake was detected. In the plots of Figure 8) the predicted values of the ve-
locity deficit and wake width ratios using Equations 52 and 53 are shown. Ex-
pression 51 above was used to determine the virtual source distance. A low
value of the velocity deficit ratio is predicted using this model,

While the adjusted expressions fit the measured data well there is no guaran-
tee that these expressions are universally appiicable, However, these measure-
ments have indicated that a viscous wake in a contracting flow is subject to
an accelerated recovery in excess of that expected by a linear combination of
viscous and contraction.effects. With this in mind and considering the model
predictions of the velocity deficit ratio at high contraction ratio, Figures
79 and 80, it seems that the velocity deficit as predicted by pure contrac-

tion AU(x) _ , -1 provides a valid upper bound. Similarly the
AU(r.) 1
(8]
e b(r) _ 1/2 .
prediction of the wake width By 2y provides a minimum estimate of

(o]
that quantity.

The effect of contraction on a vortex will now be considered,

A vortex ts comprised of two regions, an outer region where viscous forces are
negiigible and an inner core region where they are not, When a vortex is con-
vected through an axisymetric contraction, consideration of thé conservation
of circulation leads to the conclusion that the outer velocity field is un-
changed, see Appendix B. In the vicinity of the core the theoretical model
discussed in the Interim Phase I1 report (29) predicts that the maximum trans-
verse velocity tncreases according to

UZI‘\ ]
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Figure 79 Comparison of Adjusted Model Predictions With Measurement (3.81 cm
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and the core radius reduces according to

B . g, " 12 55

The transverse velocities measured at the three axial locations 48.26 om.,
30,48 cm., and 20.32 cm. (referred to the bellmouth) through the contraction,
support the invariance of the transverse velocity field in the outer vegion
(Figure 13). The maximun velocity (at the core boundary) changes siightly.

In the light of these data it is concluded that the viscous inertial force
equitibrium at the core boundary of the vortex is not significantly changed by
convection through an axi-symetric flow contraction up to a contraction ratio
of about 15, for the contraction lengths examined here. In fact the core ra-
dius of the vortex remains yelatively unchanged (Figure 81) as do the circula-
tion and therefore the vortex transverse velocity field. Accordingly the ana-
1ytically-derived functions are modified

Transverse UZB
Velocity At any radius g- =1 56
Ratio 2A
Core Radius Iy
Ratio . a = 1 57

coOM RADIIS BATIO
»
-

] - N - L 1 U, . -
L] H . L) (] L1 "

CONTRAL LN RATIO o,

Figure 81 The variation of vortex Core Radius With Contraction Ratio
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It was observed in Section 5, that there is an axial velocity distortion asso-
ciated with the vortex. This distortion is roughly a deficit. There is evi-
dence (Figure 15) that this axial velocity deficit 1s cusp shaped at the be-
ginning of the contraction. Subsequently as it {s convected into the contrac-
tion the deficit increases and becomes fuller and broader (Figure 15). This
deficit does not then behave.as a two dimensional wake. Figure 82 presents the
variation of axial velocity deficit ratio with contraction ratio. It should.be
noted that at the initial part of the contraction it is difficult to determine
the minimum of the axial velocity due to the cusp nature of the deficit, At
the higher contraction condition measurenent of the full recovered axial ve-
locity component were impeded by the presence of the duct. All deficit esti-
mates in this Figure (82) are therefore probably low. Also plotted in this
figure is the theoretical axial velocity deficit ratio for an inviscid wake
for reference. As can be seen initially (at low contraction ratios) the mea-
sured velocity deficit decreases (data follows approximately this curve), but
as the contraction induced inertial forces increase, the deficit on an abso-
lute basis tends to increase. The broadening of the deficit in this phase is
probably due to viscous diffusion. Thus viscosity disperses the axial velocity
distortion more repidly than the transverse (vortical) velocity distortion.

o

e P LI

—

FYN WU ALY L

R ILTTRL UL LIL LI

Figure 82 variation of Axial velocity Deficity Ratio in a Vortex With
contraction Ratio
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From a noise generation standpoint the transverse velocity field of a vortex
is invarfant under the axisymmetric contraction of moderate length, while the
axial.velocity distortion associated with the vortex is anplified on an abso-
Tute basis by the contraction, This indicates that if a vortex exists in the
contracting inflow to a fan on a static test stand, it should be suppressed
(e.g. by use of an ICS) as far away from the fan face as possible.

In summary the steady distortion contraction models to be used in the ICS . . ..
Design System are

1) Axial velocity Distortion

Velocity AUjg _ -1

Deficit ROy, 31 58
Ratio A

Wake by -1/2

Width B. < 4 / 59
Ratio A

2) Vvortex Velocity Distortion
Azimuthal

c
M

Velocity -[-J-_El =1 60
Ratio 23

Core r

Radi us B o 61.
Ratio Ta

6.2.2 Sreening

As in the previous discussion on contraction defects, the modification of an
axial velocity distortion will first be examined. Five screens were used and
as found in Section 5 the pressure drop coefficient, K, varied from .41 for
the thin honeyconb to 5.9 for ti. 41% open area perforated plate (See Figure
33). The generators of the axial velocity def icits were the 3.8l cm square rod
and the 5.08 cm X 7.62 cm rod. For each rod and screen combination, three duct
conditions were set at 53.34, 76.2 and 121.92 m/s. The parameters that were
used to characterize the wakes generated were again the velocity deficit and

105




the wake width. As noted in Section 5 the flow across the screens is not uni-
form; in general, there exists either a diffusion-or contraction of the flow
due to the fact that it is umrestrained. To account. for this effect the ve-
locity deficit and wake width ratios are plotted as a function of contraction
ratio and the value of the ratio taken at a contraction ratio of unity. An
exanple of this process is shown in Figure 83 for the .95am thick honeycamb.
The characteristic ratios of wakes for the various screens are shown in Figures
84 and 85 with the screens 1listed along the abscissa in increasing K. In
general, the higher the screen resistance, the higher the wake deficit sup-
pression as predicted by the transfer functions shown in (29). In addition,
the wake inversion predicted for high resistance screens was observed in the
41% open area perforated pl.ie conf iguration. The wake width was reasonably
constant, and equal to unity as predicted by the model, although large varia-
tions in this quantity were observed in the 41% open area perforated plate
configuration, The accurate determination of the downstream wake width was
particularly difficult in this case,

The model presented in the interim report (29) due to Taylor and Batchelor (38)
is

Axi al

velocity AUsrp 1 + - aK

Def icit W T TR 62
Ratio In

Wake by _

Width BA 63
Ratio

and was used to produce the predicted values of the ratios as shown in Figures
84 and 85. The measured value of the pressure drop coefficient, K, Figure 33
and theoretical values of the flow angle ratio, o, (See Equations 66 and 97
below) were used in these expressions. The flow angle ratio is the ratio
between the outfiow angle from a screen to the inflow angle, both being refer-
enced to the normal to the plane of the screen.
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Examining first the comparison of measured and predicted velocity deficit ra-
tios, it is apparent that the trend is well reproduced by the mode!. In par-
ticular the contention that Taylor and Batchelor's gauze theory is applicable
to honeycomb and perforated plate made in (29) receives support from these
data. In terms of the absolute level of the velocity deficit ratio, the pre~
dictions are in reasonable agreement with the data.
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+ Consequently screening solely for the purpose of axial
velocity wake suppression is not necessary, It is,

portance for the Suppression of vortices sin
affected by 4 contraction.

however, of paramount im-
ce these are substantially yn-

As in the contraction experiments, the vortex examined here was generated by a

loaded NACA 0012 airfoil. The effect of the screens on the transverse velocity
field of the vortex will be considered first.

a = a 64

ectively change thijs velocity component, Both

the data shows g reduction of the trans-
verse velocity canponent over the vortex. This reduction is most apparent in

the peak transverse velocity region near the core. At further distances from
the core the reduction becanes increasingly smaller. In addftion to this
change in the transverse velocity magnitud

the perforated plate, 1ndicat1ng as mentioned in Section 5, that the viscous

109




Tmf

Ll A

The transfer function described there was

Transverse Usp

Velocity 1"1‘5" T

Canponent A 65
Ratio

According to this model the suppression of ihe transverse vel ocity component
is solely due to the turning characteristic of the screen, which in turn is
dependent on the pressure drop coefficient of the perforated plate,

a = 1.1 (1 + K)_l/z 66

To account for the diffusion process (vortex broadening) across the perforated
plates in order that the transfer function may be assessed, the upstream and
downstrean azimuthal velocity fields are Plotted as a function of transverse
dimension normalized by the core radius. An example of this is shown in Figure
86 for the 66% open area perforated plate. Subsequently the data is fitted, by

minimizing the squares of the differences, to a potential vortex pro.'ile, The
profile used was

+ﬁ,?:'=?r—~ 67
[

i N

Fram this fit, an estimation of the circulation around the vortices upstream.
and downstream of the perforated plate is obtai ned. Now if the veloci ty field

is corrected for any bias—f, then

———

Usp (1)

’FE 68
A

Hence the ratio of the nomali zed azimuthal velocity fields across the per-
forated plate is the sane as the Circulation ratio. A comparison between mea-
swed and predicted values of this velocity ratio is shown in Figure 87. This

comparison is shown plotted against the mean veloci ty ratio across the per-
forated plates,
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Considering the difficulty in obtaining the true.value of the core radius from
the data the comparison is encouraging and provides samne support for the model .
The model is thus sufficiently accurate for use in the ICS design systen. It
remains to provide same estimation of the core radius change across the per-
forated plate,

The change in the core radius that is observed is shown graphically in Figure
88. The diffusion of the yortex, not unexpectedly, is higher, the greater the
resistance of the gerforated plate, and some indication is provided by the
curve fit of the degree to which the vortex core would be modified hy an arbi-
trary perforated plate.

The transfer function of Equation 65 does not describe all effects observed
when a vortex 1is convected through perforated plate. 1t does provide, in con-

junction with know) edge of the change in core radius, an estimate of the azi-
muthal velocity field chance.
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Associated with the transverse velocity field of the vortex is an axial velo-
city distortion, It is cusp-1ike in shape and, as noted in Section 5, when the
vortex 1s convected through honeycomb, the deficit is increased (see Figure
30), The cusp-like nature of this deficit is most apparent after the honeycamb,

The axial flow.in the core of a vortex has been studied by, among others,
Newnan (39) and Batchelor (40). Various experiments, see Ramsey (41), hawe
produced conflicting descriptions of the direction of this flow, The various
results described by Ramsey can be explained qualitatively by considering
Batchelor's work (40). A form of Batchelor's expression for the axial velocity
field in a vortex is shown in Equation 69.

- _ _ 2

The axial velocity profile in the vortex is a function of the static pressure
distribution P, = Pp , the azimuthal component of the dynamic head U,,
and the total pressure loss distribution AH due to passage of air over the
generating body. Depending on the rel ative magnitude of these contributions,
the axfal profile in the vortex may be a deficit {wake), a surplus (jet) or
even a combination of the two. In the present experiments the axial velocity
profile was a deficit, indicating that the total pressure loss from the flow
in the vicinity of the airfoil was the dominant term in Equation 69 since
Batchelor has shown that the sum of the first two terms in Equation 69 is
positive,

Equation 69 is now used as a starting point to determine the effect of a
honeycamb on the vortex. The action of the honeycomb on this vortex is to to-
tally suppress the circumferential velocity field and thus render the radial
static pressure gradient unsupportable. The first two terms in Equation 69 are
thus removed and the axial velocity deficit is increased accordingly,
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The expression for the ratio of the maximun velocity deficits across the
honeycomb 15 developed in Appendix C and is
AU u 2
1B max _ 1+ 2A max
AU, ma; 2U_ AU

1A max 70

Predictions using this expression are shown in Figure 89 together with the
measured values of this ratio. The scatter of the measurements is possibly due
to the error involved in estimating velocities at the critical points in the
vortex. The shape of the axial velocity profile as predicted by the analysis
in Appendix C is changed by the honeycomb (if the pressure 1oss across the
honeycomb is uniform}, but it is difficult to ascertain if the measured pro-
files support this (see for example Figure 30). The axial velocity field is
also modified on convection through perforated plate,
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Figure 89 Vortex Axial Velocity Defi ‘it Ratio Across Honeycomb
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As recorded previously fn Section 5, the 66% opan arza perforated plate caused
an increase in the axial velocity deficit while the higher solidity (41% open
area) plate suppressed the deficit. The measured values of the maximun axial
velocity deficit ratio across perforated plate are shown in Figure 90. The
theoretical predictions shown in this figure are derived using the model de-
veloped in Appendix C for perforated plate, nanely

2 2
Mg max ., Upp max (L 7 ) n

Auln max 2Um AU

1A max

The data fron the 66% open area perforated plate experiment is reasonably well
predicted by this model, however, the ratio from the 41% open area case are of
significantly lower value than the prediction. This difference is probably due..
to the higher resistance of this screen, which may cause the assumptions of
~ne_model to be violated.

The perforated plate has a dispersive effect on the vortex as seen from its
action on the azimuthal velocity field and the axial velocity field will aiso
feel the effect of this dispersion. The presence of the dispersion effect sug-
gests that the pressure loss across the perforated plate is not (as assumed in
the derivations in Appendix C) constant at every point .in the vortex. it does
apparently vary radially such that (at least for the high solidity perforated
plate) variations in the pressure 10ss dominate the velocity deficit ratio
(Equation A.10). This effect seems to suppress the axial flow distortion more
than predicted, Figure 90 and thus tae theory provides an gstimate of the max-
jmun value of the downstream axial distortion.

From the above experimental results, it is clear that the transverse velocity
field in a vortex can be readily destroyed by use of honeycomb. Thus, since
vortices are 1ikely to exist in the vicinity of any test stand, an 1CS should
{nclude honeycamb. In addition, because the axial velocity distortion in the
vortex can be increased by passage through the honeycomb, it is important to
put the honeycomb as far away from the fan inlet as possible. This then per-
mits significant flow contraction downstrean of the honeycomb to the fan face
and as shown in the previous section 6,2.1., the contraction will elininate
the surviving axial velocity distortion.
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In summary, the models for the screens to be used in the ICS design system are:
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Axi al AUZLB max _ , . UZA max
Ve_ﬂ pcity AUlA max ’?Um AUlA max Hone ycomb n
Ratio 5 5
MjlB max _ g , UsA max (1 - a7 Perf orated 78
AUlA max 20 AUM max Plate

6.3 Models for the Acoustic Transmission Loss and Directivity Effects of
Screens

In the Interim Phase IT Report (29) models were presented that enabled the
effect of the ICS on sound propagation to be determined. Specifically, expres-
sions for the transmission loss of screen types (honeycomb and perforated
plate) were shown..Also, a model of the effect of a corner made of honeycanb
panels was developed and shown to agree closely with measured data., In this
section the transmission 1o0ss model is assessed using the data gathered during
experiments described in Section 5.2. The corner diffraction model was applied
to a honeycomb corner in the Interim Phase II Report (29), and is here applied
to structural members and the results are applied to measurements of the
directivity effect of sol id structure, described in Section 5.2. Finally, the
impact of these effects on the measurements of farfield sound pressure due to
an engine operating with an. ICS is discussed.

6.3.1 The Acoustic Transmission Loss of Honeycamb Panels and Perforated P1ate

The transmission 1oss of various screen materials was determined as described
in Section 5.2. As noted there the large standard deviation of the measure-
ments coupled with the small transmission loss of the material indicated that
there is no significant transmission loss for many of the materials and flow
condi tions examined.

The model for the transmission loss of a sound wave normally incident to the
hone ycanb ,

79

2
4 cos®u

‘ .4 . 2. l
sin 9 sin klh
7L =~ 10 log ll R ’
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predicts an effectively zero attenuation at all frequencies. The measured
transmission 1oss mean for the .95 cm thick honeycomb at 12,19 m/s is shown in
Figure 91, The standard deviation bounds are also showh and bracket the pre-
dicted value of zero, The Targe standard deviation coupled with the measured
mean being close to zero confimm the predictions of the model, i.e., that the
transmission 1oss is small. The results from this configuration are typical of
those from the 1.27 on honeycaonb experiment, In Section 5.2.1, it was shown
that there is an increase in mean transmission 1oss with flow speed for the
thickest (2.54 am) honeycamb. This is indicative of a non-zero resistive com-
ponent in the honeycomb impedance. This characteristic is not accounted for by
the honeycanb transmission 1oss model. Now since it is expected that the
acoustic resistance is a function of the pressure drop coefficient, K, of the
honeycanb, the range of applicability of the transmission loss model can be
defined by K, From the measurenents of K (Section 5), the thinnest honeycombs
have pressure drop coefficients of .41 and .54, Thus a honeycomb having a
pressure drop coefficient less than about .5 operating in a flow of less than
12.19 m/s will attenuate a sound field according to the model, Equation 79,
This model could undeicpredict transmiss“on losses at higher speeds and pres-
sure drop coefficients. Equation 79 can be manipul ated to provide a guide for
honeycomb design that minimizes the transmission loss. If it is desired that
the attenuation due to honeycamb be less than 1 dB, it 1s necessary that

.4 .2 .
sin 0 sin” k.,

1

<1.03 80

cos

For Si112 kl t =~ 1, the worst case, this fnequality shows that the incidence
angle for the sound field can be as high as about 50° without resulting in

an attenuation in excess of 1 dB, The implication for the ICS design system is
that as far as honeycomb transmission loss is concerned, a spherical design
will satisfy the condition of Equation 80 provided that the ICS radius {is

greater than about twice the fan dianeter,
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The model for the transmission 10ss of
perf orated plate,

‘ (2 + KM)2 + 312

TL = 10 logl- 3

Cc

predicts gnall values (<1 dB) of the

a sound wave normally incident to

fz[\‘+(l-n)d]2l

2 (‘2 s 81

transmission 10ss of the 66% open area

perforated plate. A comparison between measurement and prediction for this

material is shown in Figure 92 for 2 flow speed of 9.14

w/s. The model predic-

tions agree well at this flow speed and at 6.1 m/s. However, at the highest
flow speed, 12.19 m/s, the average value of the transmission 10sS is higher

than that predicted by the model.

plate at 2 f1ow speed of 9.14 m/s are

of the other speeds.

different from the predicted trend. This difference

As noted
speed is questionable. The model predictions for the 41% open

in Section 5.2 the data at this
area perforated

shown in Figure 93. This plot is$ typical

The trend with frequency that js measured is somewhat

is most apparent in the

hi gher one-third octave pands where the model overpredicts the transmission

1056,

The model can theref ore be used to indicate the maximum transmission

losses 1ikely to be encountered in these one-third octave bands.
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The model indicates that it is possible for some perforated plates to signifi-
cantly attenuate sound at the higher frequencies, This can be prevented by
ensuring that the material satisfies the criterion,

3 3
(2 + KM} , @ [o+ (1-‘3)(1]2 21 \ey.26 82
4 3'12 02 : f2 - fl ‘

Q

which establishes a maximum transmisston loss of 1 dB in a frequency band
bounded by f1 andufz. Any deviation of the incident wave from normal will
produce a lower transmission loss in the perforated pl ate.

The difference in behavior of the two perforated plates in frequency is not
explainable in terms of the model. The higher transmission loss of the lower
solidity plate is also confusing. However it should be noted that neither the

screen of (15), (52% open area) nor the perforated plates of (22) exhibited
any observable transmission loss.

While the honeycomb itself is acoustically transparent a corner formed by ad-
jacent panels or structure can affect the directivity pattern in the far field.

6.3.2 Directivity Changes Due to a Honeycomb Corner and Structural
Members

Measuranents made of the sound field behind a honeycomb corner were shown in
the Interim Phase II Report (29). A theoretical model of the phenomenon was
also presented there and good agreement was observed between measurement and
predictions. The experiment described in Section 5 also included the
definition of the directivity changes due to structural members, The struc-
tures examined were a square rod and a circular rod. The diffraction model
used to predict the honeycomb corner effect on the sound field was adapted to
predict the effect of the rods on the fieid. Comparisons between measured val-
ues of the change in sound pressure level due to the presence of the rods are
shown together with predictions in Figures 94 through 99. Both pattern shape
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and absolute level of the directivity change are well predicted. The predic-
tion ts at most about 1 dB different from the measured data., It is interesting
that the shape of the rod cross-section does not affect the gross characteris-
tics of the far field., The important parameter is the dimension of the ob-
struction normal to the incident wave number vector, The model then. developed
in the Interim Phase 1I Report (29) gives good estimates of directivity chan-
ges due to both corners in honeycomb panels and structural members.

There are two important differences between the idealized model and the actual
situation at the test stand., Firstly, the source is not a point {as assumed in
the model) and secondly the source does not radiate at a single frequency but
over a wide band of frequencies. The actual source noise spectrum can, how-
ever, be considered to be made up of a combination of discrete tones and broad-
band noise.

The radiation field of the discrete tone component can be considered to be due
to an array of point sources distributed over the engine inlet, Using the
model and a distribution of sources along a line, the deviation from the free
field radiation pattern due to the presence of a corner was computed. While
the 1ine source cannot be considered a simulation of the actual distributed
source of the engine, the resulting directivity patterns of the two source
types are qualitatively similar. In consequence, the distributed 1ine source
(and the two source models examined below) is useful in defining trends. The
source amplitudes of the line source were uniform and an arbitrary source
phase distribution was considered. The honeycomb corner simulated one found

on the P&WA developed 1CS. The schematic of this simulation is shown in Figure

100. The resulting directivity modification (i.e., the difference between the
directivity patterns with and without the honeycomb corner) is shown in

Figures 101 and 102 for frequencies of 1850 Hz and 3700 Hz, respectively.
(These frequencies correspond to JT9D blade passing tone and harmonic fre-
quencies at an approach condition.) For the purpose of comparison the direc-
tivity modifications due to the same corner with a single point source are
also shown in these figures, The comparison indicates that the radiation field
of the more realistic distributed source is disturbed more by the corner than
that of a point source.
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In contrast, if the source phases are allowed to vary, a different picture
emerges. Consider, for illustrative purposes, a distributed source comprised
of two sources, Figure 103. If the phase of one of these sources is varied 1
with respect to the other and averages performed over the radiation patterns,

an average directivity modification pattern can be computed (This changing of '
source phase relationships occurs in practice with variation of fan speed, and
the averaging process over phase, described above, has a counterpart in aver-
aging over engine speed in the test situation}. This computation has been per-
formed for several cases,
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In Figure 104 the average directivity change has been computed for source var-
jations over 1°, 2% and 10° at a frequency of 1850 Hz due to a corner at
67.5%. The averaging process produces a noticeable “washing out" of the cor-
ner effects for very small source phase variations. A similar plot is shown in
Figure 105 for 3700 Hz and the same observation can be made at tpis frequency.
The power of the "washing out" of corner effects by small source phase changes
is apparent from this simple simulation. For the more accurate approximation
of many sources distributed over the inlet disc,. it is expected that small
variations in the phase of the individual sources will suppress any corner
effects even further, The impact of this observation on the ICS design system
wiil be assessed in the following subsection 6.3.3.
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The acoustic similarity paraneters o " g ,'ﬁ; and [, are shown in Figures
101, 102, 104, and 105, evaluated for the JT9D approach conditionkgnd a static
test configuration. For the JT150 these values of the paraneter%-igl (normal-
jzed microphone radius), _£ (normalized ICS corner radius) andfi)(inonnalized
honeycomb thickness) are typical. In particular the honeycomb thickness is
quite realistic. The only variation fran the JT90 case then is in %Fb . The
values of this parameter for the JT15D at an approach condi tion and‘%t bl ade
passing frequency and its harmonic are 7.14 and 14.28 respectively. To digress
slightly, the directivity modifications to the radiation field, in general,
increase in magnitude, the higher the value uf.gaaall other parameters being
heid constant. Consequently since the JT150 va1u35 of ;?3, are less than the
corresponding values for the.J190, all of the previous coments addressed to

the JT9D configuration are appl icable to the JT15D configuration.

The second canponent of the fan source spectrum is the broadband canponent.
For a random source, the amplitude and phase of the source at a given fre-
quency are randan variables. The consequence of this is that, at any given

f requency, the directivity change due to the corner will tend to be._washed out
by the randamness of the source in a manner similar to that discussed pre-
viously for discrete tones. Another factor in determining broadband correc-
tions is that they are defined on a one-third octave band basis. The third

octave band correction is conceptually determined by integrating the intensity

fields over each frequency range with and without a corner in place and eval-
uat g the ratio of the resul ting one-third octave band intensities at each
angle, The simple simulation of Figure 103 was used to observe the effect on
the directivity change due to summation over frequency. In Figure 106 a com-
parison is made between the directivity modification of the corner in the pre-
sence of source radtating in phase at a single frequency of 4000 Hz and that
obtained when the sources are radiating in phase over the 20th one-third oc-
tave band (3565 Hz-4488 Hz). (The one-third octave band intensities were ob-
tained by approximating the integral over frequency with a sui.) This com
parison shows the great amount of suppression of corner effects that occurs
when the modification of a broadband radiation field is examined on a one-

third octave band basis.
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The broadband directivity modification due to the honeycomb corner {s minimal
because of source randanness in phase and amplitude and the integration over
one~third.octave bands.

The consequences of these conclusions for the ICS design system and static
testing procedures are discussed in the following saction (6.3.3),

6.3.3 The Impact of the Acoustical Transmission Effects of an ICS on
ICS Design and Static Testing Procedures

The transmission loss of typical possible ICS component materials (honeycomb
and perforated plate) is negligible provided the design criterion presented in
Section 6.3.1 are met. These criteria are for panels having low through-flow
speeds. Corners between adjacent panels and ICS support structure can poten-
tially modify the far radiation field,

It has been observed that an engine fitted with an ICS operates at a given fan
speed with little, if any, variation from that speed. The stability of the
engine operation is greatly enhanced by an ICS. Associated with this stabitity
of engine operation is an increase in the stability of the discrete tone
source. This is manifested in the far field by a much more peaked discrete
tone field. However, even in this more stable operating condition, the tone
level at a given angle varies greatl|y because the increased tone level grad-
ients in the far field make the tone level very susceptable to any small var-
iations in the source and/or the radiation field. The model is used to illus-
trate this point as shown in Figure 107. Here a part of the free radiation
field of two sources radiating in phase is compared with that obtained when a
0.3° phase difference exists between the sources. At some angles the level
changes radically (10dB) while the general shape is unchanged. Inlet kulite
data gathered during the Joint Noise Reduction Program {JNRP) also exhibit
sane unsteadiness in tone level with time, with an ICS in place, although the
level of unsteadiness is lower than with no ICS in place. It is possible that
this unsteadiness encountered when testing an engine with an ICS is sufficient
to eliminate any corner effects on the radiation field, however, a more con-
trolled and certain suppression is desirable.
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As demonstrated in Section 6.3.2 modifications to the discrete tone radiation
field by a corner can be suppressed by averaging over source phase variations.
The phase {and ampl itude) relationships in the distributed source at the en-
gine inlet may be varied by changing the fan speed. This has been perf ormed
for small increments in fan speed over a small speed range, on a JToD fitted
with an almost cornerless ICS (developed by The Boeing Company). Correlation
techniques were used to determine the change in fan speed necessary to destroy
any similarity between blade passing tone far field directivity patterns, It
was found that a fan speed variation of the order of .5% produced uncorrel ated

far field patterns,

A similar analysis was performed on the patterns produced by the two source
¢imul ation examined in Section 6.3.2. A zero correlation between source radia-
tion patterns was reached after a variation of the source phase difference of
2%, As can be seen in Figures 104 and 105 the directivity modification to

the radiation field by the corner when averaging over 2® i significatly
reduced to approximately a maximun of 1 dB. It is therefore suggested that
directivity modifications to the discrete tone radiation field due to the pre-
sance of the corners and structural members of an 1CS can be eliminated by
varying the fan speed continuously during data acquisition by an amount in the
order of .5% of the mean fan speed.

Directivity modifications to the broadband radiation field are probably neg-
1igible due to 1) source phase and amplitude randamness (even during stable
engine operation), and 2) the practice of quantifying broadband noise levels
over one-third octave bands. It is considered that either of these causes is
sufficient to eliminate broadband directivity modifications due to panel
corners and structural members.

1t should be noted that the honeycomb corner used in the illustrative simula-
tions of Section 6.2.3 has the characteristics of the P&WA developed 1CS. The
construction technique of this 1CS resulted in discontinuities caused by

corner structure and joints in honeycomb panels at these COvners. Subsequent
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ICS Designs (e.g. those of The Boeing Campany and NASA Lewis) minimized the
severity of these corners by using improved construction techniques, Conse-
quently, the magnitudes of directivity modification due to a corner presented
here, based on the P&MWA ICS design, provide an indication of the upper bound
of such change., Moreover, in spite of the severity of this ICS corner, no ef-
fect on the radiation field that could be attributed to the presence of a
corner has been observed in P&WA experimental data. A possible explanation for
this is the coarse measurement grid (every 10°) used to define the radiation
field. Fram the patterns generated using the directivity model, extreme direc-
tivity modifications occur over narrow far field angle ranges and the proba-
bility that a microphone in a coarse grid will appear at such an angle is not
great. Coupled with this, any unsteadiness in the ambient conditions would
contribute to the reduction of corner effects.

Therefore, it seems that even if severe discontinuities exist in the ICS con-
struction, any directivity modifications resulting from them can be suppressed.

However, as discussed in the Interim Phase II Report (29), the problem is
preferably eliminated at the design stage by minimizing all such discontinui-
ties from the outset. The Boeing developed ICS is an excellent example for
full scale engines as is the NASA Lewis produced ICS for the JTiSD (23).
Acoustically these designs are highly satisfactory.

6.4 The ICS Design System

In the Interim Phase 11 Report (29) the main elements of an ICS design were
identified. They are:

o The criterion for material selection.
0 The ICS self generated distortion constraint.

0 The 1CS acoustic transmission loss and directivity constraints.
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The purpose of this section is to generate a design procedure, that incorpor-
ates these elements, in terms of parameters readily available to the 1CS de-
signer. The models detailed in the previous sections form the basis for the

1CS design system.

6.4.1 The ICS Location and the Characteristic Dimension of the Screen Material

Fran considerations of acoustic transmission loss it is necessary that the 1CS
be placed such that it is subjected to a low throughflow velocity and to an
approximately nommal acoustic incidence angle. In addition the pressure 10s$
across. the 1CS should be 1ow enough so that engine operation is unaffected.
This also requires a 1ow throughflow velocity. These observations indicate

that the in-duct 1CS should be rejected in favor of the externally mounted 1CS.

The external £1owfield may be divided into three regimes; the first, in which
the ambient conditions dominate the velocity field (i.e. Ambient wind speeds
are an order of magnitude higher than engine induced flow speeds), the second,
in which the engine jnduced flow dominates the field and the third in which
both flow fields are canparable. In the first region, the airflow will vary
from normal to grazing jncidence with respect to the 1CS surface. In conse-
quence, the velocity field inside the 1CS will be distorted and in part con-
vected into the inlet. In contrast, an ICS placed in the engine dominated
flowfield cn an equipotential contour will not create any incidence induced
distortion; however, since the incident flow velocity varies over this sur-
face, a total pressure distortion is gener ated downstream of the ICS. This
total pressure distortion manifests itself as a streamwise velocity distortion
that is suppressed by the subsequent flow contraction. The equipotential con-
tour placed in the engine dominated flow region thus appears preferable. How-
ever, the acoustic test window contains ambient wind speeds of 3 m/s and so
the velocities at the 1CS in an engine dominated region would be of the order
of 30 m/s. This would violate the constraints discussed at the beginning of

this section.
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Consequently, it is suggested that the ICS be placed in the third region and
be designed so that the engine induced velocity {s 1.5 times the maximum am-
bient wind speed in the test window. This ensures that air flows into the ICS
at all points and also that the pressure drop across the ICS is small, Corre-
spondingly any total pressure or streamwise velocity distortion downstream of
the 1CS would be small and readily suppressed by the flow contraction, It is
unlfkely that the velocity distortion would generate significant turbulence.
In view of the Yow distortions generated at such a surface in this region, the
actual shape is probably not of great importance as long as it is roughly
hemispherical. This insensitivity to shape is borne out by BMT measurements
made with the P&WA, Boeing and NASA Lewis ICS's installed, where there was no
evidence of distortions introduced due to the shape of these ICS's. The radius
of the ICS can thus be determined from the engine inlet velocity at its lowest
operating condition and the maximum ambient wind speed in the test window
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The characteristic dimensfon of the screen material can now be determined.

The minimum turbulence transverse ¢cale to which the engine is sensitive will
have a corresponding value at the 1CS surface

172
( Amin ) 1cs - "1 Amin 84

where the. contraction ratio is that at the lowest engine speed and maximun
anbient wind speed, Now in order for the ICS to act effectively, its charac-
teristic dimension should be roughty an order of magnitude less than the mini-
mun value of this scale at the 1CS. This will ensure that turbulence scales
likely to produce BPF tone noise will be suppressed by the screen.
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Thus,

( ‘min )1cs
dres = O [ 10 85

This dimension refers to the solid material of the screen as well as the hole
diameter of both honeycomb and perforated plate or gauze.

A flow chart of these calculation processes is shown in Figure 108.
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Figure 108 Flow Chart for Determining ICS Location and Detail Dimensions

6.4.2 The Criterion for ICS Material Selection
Two possible criteria for screen material selection were suggested in the In-

terim Phase 11 Report (29). One required that the material be chosen such that,

in sane sense, the inflight fan face flow distortion field was simulated, The |
other criterion suggested there was that the screen material be chosen such

that all fan face inflow distortions generated upstream of, and by the ICS, be

totally suppressed. Both of these criteria were confined to those elements of

the distortion field outside of the nacelle boundary layer that would generate

tone noise on interaction with the fan,
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These criteria are, each for its own reason, difficult to attain. The simula-
tion Eriterion. in addition, if attainable would strictly require a different
materdal for each operating condition while the total suppression of fan face
turbulence is probably impossible.

It is therefore suggested that a more attainable criterion be that the ICS
material .be chosen such that, in some sense, the fan face inflow distortion
encountered statically be less than or equal to that expected in flight., The
distortion field at the fan face has previously been considered in two parts a
turtulent component and a steady (or quasi-steady) distortion. Following this
diviston, the quantity that is best suited as a measure of the turbulence
field at the fan face will now be examined in order to formulate the turbu-
lence distortion criterion for 1CS design; subsequently the steady (or quasi-
steady) distortion component will be examined.

The detailed characteristics of a turbulent field are provided by the spectrum
tensor, a quantity most easily explained as the Fourier transform of the cor-
rel ation tensor. The diagonal elaments of this tensor may be interpreted as
the distribution of the energy associated with each velocity component in wave
nunber space. If it is assumed that the rotor-turbulence source is primarily
due to the fluctuating 1ift on the fan blades then the element of the spectrum
tensor on which the source strength is most dependent is the upwash element,
"an ()

This may be considered as a surface, infinite in extent, Now Pickett (42} and
more recently Ganz (36) have implied that not all of this surface contributes
significantly to the level of BPF tones (i.e. only the energy in certain wave
number ranges contributes to BPF tones). This tone generating part of the
spec- trum surface may be defined by the inequalities,

kp < k¥
ko, ~ Ko~ Koy
kap, k3 - Ky
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It should be noted that the three dimensional spectrun is discussed here in
termms of Cartesian wave nunbers, whereas in view of the inlet geonetry, the
polar versions are more appropriate; however, it is assuned that locally the
field may be represented in the Cartesian frame. There are then only a block
of wavenumbers at which turbuloent energy produces BPF tone noise, Fiqure 109,
(In this figure only two wave number camponents are represented, however the
surfaces is in all three components). The characteristics of this block are
dependent on engine size, fan blade nunber and engine speed, In tems of eddy
sizes, this wavenumber block defines eddy geometries that can generate RPF
tone noise upon interaction with the fan, A possible design criterion is,
then, that the turbulence energy density in this wavenunber range be less
statically than in flight. A simpler but approximate form of this criterion is
that all three one dimensional PSDs based on the wavenumber range of interest

be less statically than in flight in the appropriate wavenunber ranges. This
would produce three designs in general, The differences in these 1CS designs

reflect the difference in shape between the flight and static fan face upwash
spectra. If the shapes are similar the three screen designs would be similar
and the design systam could be based on one PSD alone.
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Figure 109 The Segment of nr1(£) That Produces BPF Tone Noise 0On

Interaction With a Rotor
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Assuming thts to be the case, the one dimensional PSD Fp(kjy) in the k,

wave nunber range of interest will be used in the ICS design criterion. Thus,
the criterion for turbulence suppression is

F‘n(k2)s s F11(]{2)'5‘

o1, < Ky < kyy 86

3 < Kag

To determine the target value Fn(k?.)}s' y the flight fan face upwash PSD, it
will be assumed that the contraction in flight is negligible. Consequently,
the fan face turbulence field will be assuned locally isotropic in the desired
wavenumber range in the manner of the local flight atmospheric turbulence
field. That field is best modelled on a one-diniensional PSD basis by the Von
Karman spectrum (36). However, to evaluate Fn(k2)F at the fan face, the
wavenunber ranges of inequality in Equation 86 requires knowledge of the three
dimensional spectrum I';, (K) . For this manipulation the spectrun tensor that

produces the isotropic Dryden spectrum (36) is more suitable. The upwash ele-
ment of this tensor is

. o . 2 . 2
Inn(_l-g) = Iy, sin Yot I'pp cos Tt CROSS TERM 87

2 2 2
[kl cos® v +k,% sin? y_ 4 ky2 J + ODD TERM 88
This is derived in Appendix D.
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The constants N and are chosen such that in the wavenumbar range of
interest the Dryden spectrun approximates the atmospheric Von.Kaman spectrum,
The determination of N and v is shown in (36), The relationship between N, ¥
and the varfance and integral length scale of the turbulence are discussed in
Appendix O,

From I' (k) , the desired one dimensional PSD F (k,) can be determined from,

ksy  Ky*

v (ky)y, = f (K dk) dk, 89
- *
Ky, = Ky

With the aid of suitable approximations this integration can be performed and
is shown in Appendix D. The result is

Foky)p = 64N, (kg = kyp ) ky* e e e

4k.2 sin® k +k]2
Ky sin™ y, v Kay 3L

2 2 213
[4 (kz t oY )* (k3u * R3p )

The integration 1imits k5, , k3 and kl* are related to the range of

turbulence scales over which, upon interaction with the fan, blade passing
tones are generated. Thus, if the turbulence scale ranges to which an engine
is sensitive and the atmospheric turbulence parameters in flight, NF,and Yp s
are known, the target flight fan face upwash PSD Folky) cén be determined.

It is now necessary to formulate the second part of the inequality 86, the fan
face upwash PSD ', (X5) cencountered statically with an ICS, To do this

it is helpful to have a view of *he operations and intermediate states that
the atmospheric turbulence gor through, statically, on its way to the fan
face. These are shown schematically in Figure 110, As in flight, the atmos-
pheric spectrum tensor is approximated by the isotropic tensor!‘ij in the
wavenunber range of interest. This tensor {s defined upon the appropriate
choice of Ng and ' (See Appendix D). Subsequently this turbulence undergoes
contraction to the ICS.
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Figure 110 Flow Chart of the Processes to Which Atmospheric Turbulence is
Subjected in Static Engine Operation

The nature of contraction from the atmosphere requires same discussfon in view
of the possibility of an infinite contraction ratio. Firstly, it is necessary
to distinguish between turbulence present in the atmosphere independent of
engine operation and that which relies upon the engine for its existence. It
should be recalled that this section is concerned solely with the former type.
On running an engine, then, this turbulence is ingested into the fan and for a
given engine condition and ICS configuration the contraction ratio from the
atmosphere to the ICS is determined by the local mean- atmospheric wind speed.
If an engine is run in the FAR-36 test window, this contraction ratio can vary
from « to smal values—(around 3). It is consequently necessary to choose
the most appropriate value of the iritial contraction.ratio for the ICS design
system,

For the identification of this contraction ratio consider the approximate one
dimensiona) post-contraction PSDs presented in (36). An approximation is per-
formed there by Ganz for: .. 1, where,

{.l .

This approximation is satisfied in the static test window. The post contrac-
tion PSD Fy(k,) in terms of the pre-contraction wavenumber is given there as

_ nN { y 8N =l 2 n
YU ,"TNQ"; l 1 4 %4 e [Mn (] - :1) -3 J" 1
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where 5 and D are functions of 7~ . k.
Note that the shape is determined by ® and b and thus by :ﬁ'a1one.
Now the pre-contraction wavenumber, k?A = fzn

/2

A “

contraction wavenumber and ' Ty , which from Ganz's model of the ingested
atmosphere (36) is a function of the contraction ratio by virtue of the samp-

ling of the atmosphere by the capture streamtube, so that

. wherel<2nis the post

l’ll{\ R Rn v 1 9?2

Thus - = K, 305 R %

k
2A
i,e., — 1{s independent of contraction ratio. Correspondingly the shapes of
Y

the post contraction PSDs in the transverse wavenunbers are independent of
contraction ratio. In addition, a small contraction is sufficient to transfer
most of the energy in the streamwise wavenumber PSDs into the range where the
blade passing tone level is independent of axial length scale, In short the
tone generation capacity of the incoming turbulence is, above a low contrac-
tion ratio, independent of the distortion of the turbulence field and is
greater or lesser solely according to the post-contraction upwash energy. The
initial contraction ratio must therefore be chosen to account for the highest
level of upwash energy encountered at the 1CS in the test window.

The mean square value of the upwash velocity component at the ICS is
R N -2 2
¥

u 1 AT t sin”
N o cLbu T osinT oy 94

which may be written in terms of the mean square value of the atmospheric tur-
bulence velocity (isotropic initial conditions assuned)

-y ] ) ) R
T W, ocoss 4 o sin o 5
n ( 1 0 R Yol Uas 35
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ﬁ; where ') and ), are the mean square velocity component .ratios across the
: initial contraction. Now using Prandt)'s approximations

Hy %y e M T 96

and Ganz's (36) expression for the initial varfance of the atmospheric turbu-
lance field sanpled by the capture streamtube,

' a ‘5/3
Uas 1 97

in Equation 94 yields,

o2 2

3 . -
IR (cos Yo © Oy sin? ‘o) ¢ 11/3 98

Thus, the post-contraction upwash kinetic energy decreases monotonically with
contraction ratio. In consequence, the contraction ratio in the test window
that produces the most severe turbulence field at the ICS is the Towest value
fn that window. Knowing this contraction ratio, together with the initial at-
mospheric turbulence conditions, the model summnarized in Section 6.1 can be
used to determine the turbulence characteristics at the station upstream of
the ICS, provided that the viscous dissipation factor can be quantified.

Since the 1owest initial contraction ratio in the test window occurs at the
design point, i.e., ¢, = 1.5, the contraction distance will be small compared
to the distance from the origin of the turbulence, Consequently viscous decay
effects are negligible.

At the entrance to the ICS then, from Equations 28 and 29

99
R 3 2
U, Uy T 11 Yas
and
2 -2 T2
Yy Y Yas
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since the ini tial contraction ratio will probably be less than 6.

Corresmnding]y, the integral length gcales at the 1cs from Fquations 31, 32,
33, 34 and 35 are

Loy = b1 7 20y Uas

Loy = b32 ~ % ‘11_2 TAS

Ly = 27 % “11_2 Las 100
Ly = L33 7 % ‘11_1/2 bing

Ly © Yar tes

These are the turbulent field cond tions at the entrance to the 1CS.

The 1C5 material can be described, for distortion suppression, in terms of the
paraneters, {the flow angle ratio) and K, (the pressure drop caefficient).
These paraneters have been discussed and defined in previous cections. If the
scr een model of section 6.1 is appl ied to the upstrean flow characteristics,
the turbulent flow-field characteristics immedi ately behind the 1CS (neglect-
ing self generated turbulence} may he found, The mean square values of the

turbulent velocity canponents there are

2 | P T tas
101
— ¢ 3 o ——
i SRR TR S St 2
1 T Ry AB

while, according to the model, the integral length scales are unchanqed and
ranain as in fquation 100 in order of magnitude. The turtulence field is,
therefore, not isotropic downstrean of the 1CS although it is possible that
there 18 pquipartition of energy between the velocity components. This field

is then contracted to the fan face.
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At this point it is necessary to make some comments concerning the inflow con-
trol structure material, If the inflow control structure is composed solely of
honeycomb, the transverse velocity components will be effectively suppressed
while the streamwise turbulent velocity components will convect through the
honeycomb largely unaffected. In consequence the turbulent enerqgy distribution
will be strongly weighted in favor of the streamwise velocity component, im-
mediately downstream of the inflow control structure. However, due to a) the
tendency to isotropy in turbulent flows and b) the amplification of the trans-
verse velocity components of turbulent flows under contraction, there is prob-
ably a.rapid increase in the amplitude of the transverse turbulent velocity
component downstream of the inflow control structure. Now if the extraneous
noise generating inflow distortion is a steady or quasi steady vortex then it
is possible that a honeycomb may be sufficient, however it is probably not
possible to a) make this assessment of the inflow distortion field aprior or
b) if it can be made, ersure that this assessment remains valid under all
conditions of use of the ICS._In this case, the use of a resistive elament in
the ICS would provide a conservative design. It is therefore, in general,
necessary and/or conservative for an ICS to suppress both transverse and_
streamwise distortion velocity components i.e. the 1CS should include both
resistive and torque absorbing elenents.

Now the contraction model of Section 6 requires isotropic turbulence as an
initial condition and so to use this model, the design condition of isotropy
is imposed on the ICS. Thus, while many ICS designs could satisfy the design
criterion of producing an upwash field at the fan face in static operation
Tess than or equal to that encountered in flight, the one that produces equi-
partition of the turbulent kinetic energy downstreamn of_the ICS is chosen. In |
general, this will require a resistive elenent (gauze or perforated plate) and
a torque absorbing element (honeycamb)}. Equipartition of the turbulent kinetic
energy requires that downstream of the ICS

" 2 _ T2 _ T2

s ul =u2 =|J3

If it is assumed that the two elements act independently and in series, then

:% from Equation 101

A 2 2
E‘é 3 2 2, 3 R L4y = oy Ky

= T% m oYt T TR T 102
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In view of the small initial contraction the integral length scale relation-

ships will exhibit roughly isotropic characteristics and a scale representa-
i tive of this field is

4 =12
Ly =3 4y Liag

103

L .

For the purposes of the final flow contraction the equipartitioned turbulence
field downstream of the ICS is then, approximated by an isotropic fieid of
characteristic length scale b;; = L,5 As noted previously the upwash field
resuiting from the contraction of an isotropic field is dominated by the
transverse (azimuthal) velocity component in the contraction range encountered
on a test stand, hence

e b S o

e

Folkalg = Fylkylg 104

and F2“‘2)5 ¢an be obtained from Ganz's extension of the Ribner-Tucker
theory (33), thus

-

|

n N . .
- 1Cs 1F & 5.1 . =1 2 A
Falkalg = S { P45+ =5 | sin (1 -3 )- 5
'‘1¢8° 105
N .2 E?EQE_ . -
s 3 12 ' EeS 22
by
where -
k"
D= e T s = p o+ 1
“1F ' I0s

The ICS subscript refers to the post-screen location and k, 1s the local post-
final contraction wave number.

With the formulation of 'n‘%2) it is now possible to expand the design cri-

terion of Equation 86 with the help of Fquations 90 and 105 so that the cri-
terion becomes
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set of four equations in the four unknowns  %p ., ap , K, , K
(the characteristics of the two screen elemen

does require knowledge of the cell di aneter R
from Section 6.4.1.

H
ts). The honeycomb characteristic

eynolds number which can be found

The sensitive wavenunber ranges can be determined from the work of Ganz (36)
and conservatively these are

Kt B

kl“l"'ﬁg 107

= B_ . . _ loB

ko1, RS Ky <k = 2B
o 108

. B _ 108

K3y, = 25~ ° ky K3y = R
o o 109

A sumrary of the Process wherehy the atmospheric turbulence encountered sta-
tically at the engine fan face is reduced to the flight level ts shown in

Figure 111 and a flow chart for determining the ICS materia) Characteristics
is shown in Figure 112. The step-by-

step calculation procedure §s presented in
Section 6.4,4.
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The other elenent of the external field that must be considered 1s the steady
or quast steady velocity distortion. These can be in type either streamwise
velocity deficits or vortices, Their origins can be surfaces over which the
air travels on its way to the engine or mid-air stagnation points, Stand
structure can be a source of both wakes and vortices, since variations in flow
incidence angle over the structure can cause local separation over the body
and subsequent vortex roll-up, This phenamenon has been observed in bluff
bodies, for instance (43), The variation in loading over the support structure
leads to the formation of potential vortex distributions. In addition, the
ground plane can produce an ingested vortex and also the Tesser known vortex
originating at a mid-air stagnation point (44). Protuberances on the external

nacelle have also been observed as sources of steady (quasi steady) inflow
distortions,

The quantification of the initial conditions of these flow disturbances is

difficult in view of the camplexity of test stand geanetries and more work
needs to be performed in order to define them.

As with the atmospheric turbulence, a criterion for suppression of this type
of disturbance must first be established, The steady inflow distortion in
flight 1s il1-defined and is due if it exists for different reasons (e.g. air-
craft angle of attack) from those encountered statically. It is therefore sug-
gested that the amplitude velocity components of the steady inflow distortion

field be reduced below the RMS value of the atmospheric turbulence field en-
countered in flight, or

g \;’ Uy 110
o 111

where A indicates the amplitude of the distortion. The right hand side of

these inequalities 1s readily determined as in the first part of this section,
For the determination of the left hand side of the inequalities 110 and 111,

it will be assumed that the streamwise velocity distortion is suppressed by
the 1CS independently of the suppression of the transverse velocity distortion,
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-
AUy = %1 7 AUy, 112

and assuming the honeycanb and perforated plate (gauze) act in series, the
def icit downstream of the LCS is

auy = o "1,y { R h } Ltap =y, Ky
1 11 1A 1 + 4+ Ky I S * K 113
and after the final contraction at-the fan face
= "L -t H ™ g By
B B E T (A { T+F 4+ K } )
H H
_ 114
. - *p “p KP }
1+ ap + Kp

Again as in the case for atmospheric turbulence ingestion, the maximum stream-
wise velocity di stortion will occur at the maximum anbient velocity in the
test window, unless the wake generating structure lies in the region dominated
by the engine inflow (which is unlikely},

The streamwise distortion criterign in Equation 110 is then

1 4+ “H - n“ KH 1l + Np = dp Kp \/ AF rlI QlF 115
1+ < Al
Qa 1A
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On pursuing a similar course with the transverse (vortical) distortion, the
inequality of Equation 111 becames
J “, --_ﬂ'
u -
V. _AF 116

Note here that the design criterion is independent of contraction ratio due to
the invariance of a vortex under contraction, These two inequalities, together
with the honeycanb and gauze (perforated plate) characteristics, form a set of
four relationships in four unknowns which can pe solved. A schematic of this
aspect of the design system is shown in Figure 113 and the step by step pro-
cedure is given in Section 6.4.4.

6.4.3 Other Design Aspects of an I1CS

Various observations on the general features that should be incorporated into
an 1CS have been made in this report and (29). In summary these are:

o Discontinuities whether of structure or profile should be minimized in

order to minimize self-generated distortions and directivity modifications
to the radiation field,

o The perforated plate (gauze) transmission loss criterion of Equation 82
should be applied to determine the allowable plate (gauze) thickness and
hole diameter combinations.

o The construction of the ICS aft of the inlet plane is an open question.
8oth baffles and ICS screening material have been used in this region. The
nacelle boundary layer is undoubtediy affected by the conditions here.
However , evidence to date gathered under the INRP has indicated that there
is no significant difference in the noise fields of either configuration,
In contrast, the work performed in (21) showed that the noise field was
quite strongly dependent on the flow field in the boundary layer., The
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sensitivity of the noise field to the nacelle houndary 1ayer undoubtedly

varies from fan to fan. It would be expected that an ICS open to the rear

would allow more accurate nolse measurements to be made at higher far

field angles. Nevertheless, the whole question of simulation of the f11ght
' nace}le boundary layer, in static operation, needs more investigation,

o The use of two ICS materials in conjunction leads to the possibility of

\ flow biockage when holes do not match up. This problem can be avoided by

- separating the two materials or alternately ensuring that the mesh size of
' one of the materials is significantly greater than the other. This latter
solution is quite acceptable in view of the degree of latitude allowed to
the detailed dimensions of the 1CS material (Equation 85)..

o The relative location of ICS materials, i.e., whether perforated plate
should be placed upstream or downstream of the honeycomb is probably un-
important as regards the suppression of the noise generating alements of
the inflow field. It may be that because of construction requirements one

X material may produce greater downstream distortion than the other. In this

case, an indication of the best configuration is provided.

- S e

gy

6.4.4 The Step By Step ICS Design Procedure
1. Determine inlet velocity at lowest operating condition - U,

9.  Determine maximum ambient wind velocity in test window - Up

3. Canpute design speed at ICS - Uy g
4. Determine inlet radius - R,

6, Compute nominal radius of ICS - Ricg

Ryes 7 Ro \/,_.f.i..
20 ..
T¢s

6. Determine blade number - B

7. Conpute minimum sensitive transverse scale - “min
"Ry

‘min = 5B
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8.

9.

10.

.

12.

13.

4.

Canpute final contraction ratio (ICS to inlet) - Y1p

Uﬂ

Q " - -
11 ”1(?8

Conpute minimum sensitive transverse scale at I€S - ()'m.i.'n ) s

L/2

S iF \min

Amin )TCS )

Compute characteristic detail dimension of ICS material - dycg

( \min ) 108
10

Re =

Atmospheric Turbulence Design

Determine engine height - # , roughness scale %, , static reference
height (engine height) Zopp statfc reference wind speed (max, wind
speed in test window)URFF‘,.

Compute RMS value of turbulent velocity in capture stream tube during
static operation - -

Uns
—_— - 1/3 5/6 1/6 _~1/3
- ~—y ) _.4(»4 R, Uij u, pa
AS 176 576

. 2y
n -?i ¢n --}H‘F
0 ‘o

Canpute static contraction ratio ~ ¢

u
A

. ot »]
15 I!\

15

\

(Note fnitial contraction ratio, from atmosphere to ICS, Yyp = 1.5
by design) '
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15.

16.

17.

18.

19,

20.

21,
22,

158

Canpute characteristic length scale of turbulence in capture
streamtube during static operation - ting

, e 1/2
e i 1
]'i\ﬂ ..iA ) l{() ¥ ]f';

Determine, for f1light operation, engine height 2z, roughness _
scale 2, flight reference height - ZREF flight reference wind

speed -
pe “REP

Compute RMS value of turbulent velocity in capture stream tube in
flight - [

Vg’
Yar

Compute characteristic length scale of turbulence in capture
streamtube in flight - 1,

AR
1 - [ g 4K
]'i\!" =, 355 RO
*x
Compute 1imits of sensitive wavenumber ranges - ky v kyy 0 K ST
k3tr ' k?r.
* B , _ _1oB T
k) RO Kon K "o ko, Ko R
@) (8] )
Compute in flight turbulence field characteristics - Np s * e
T3
< UAr '
N[‘. Coeey . , | y - rl_‘
) Il_»\!‘ n'-\I'

Determine blade relative inflow angle at tip - [P

Compute characteristic length scale of turbulence behind ICS - 1,

ie's

bies 1 o097 it >

oy Otherwise




23, Compute the parameters p and s
d 2 2
ka1, Flgﬁ_

5 = p o1l
Yip

24, Compute maximum value of flow angle ratio product - oy ay

ny *
b 320 Ny Lag . s (kyy = Ky, ) kq
53- l‘lp ﬂ“ = | 1/2 5 5 5 3
Yir Y11 Uas i 4 (kZL M )+ (k3u t ks ) £
1/2

( 4k, ° sin® y + [ Kyy * kBL] 2)
e (- ) - 1))

25. Solve the equation for perforated plate (qauze) flow angle ratio - N

=1+%+

o Sl WGERIRRE L BTN S S T R L B

3 2 ]
2up + apt - 1.21 g _ 2/3
3 - -866 Llp l'lH TlI
o + 1.21
p
! ) ~1/4
ah + Wy gy T 201 Re / v, [Qn AN u“ - tn up]

. =-1/4 . .
O + U gy ( 1 + .201 Re / I:tn RN Wy = in "'p])

26. Compute resistance of perforated plate (gauze) - Kp

Ky = 1.21 a2 -1

27. Caoanpute flow angle ratio of honeycomb - iy

"
n =
H A P

28, Compute resistance of honeycamb - K,
1/4

K, = = ,201 Ro

n oA
H ‘

il
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29,
30.

3.
32.

33.

34.

35.

36.

37.

38.

160

Steady Distortion Design

Determine maximum azimuthal velocity in vortex - Uan
Compute maximum value of flow angle ratio product - *p 'y

Ve
AL

Pt T U,
2N
Determine maximum pre-contraction streamwise velocity deficit - MU,

Solve the equation for the perforated plate (gauze) flow angle ratio -'p

. i
2(11.’ + :lp - 1.2.1 1\1\ ) \/UAF ‘

.lp3 + 1.21 Y1A

| - 200 we”HA ' -
by, " . 1 Re U «n WY 3! N

: -1/4 1 . :
Tt Yy ( 1+ .201 Re [\n Ap Yy TN wr,])

Compute resistance of perforated plate (qauze) - K,

-
“

b ¥ -
Ky = 1221 4 1

i

Compute flow angle ratio of honeycomb - v,
‘p N

t [ ——

1 :
H -

Canpute resistance of honeycomb - K,

. . -1 1
- LU0 ko .
i'\H L2011 n i”

Conservative Design

Canpare resistance of perforated plate {gauze) for atmospheric
turbulence and steady distortion designs (Items 26 and 33). Choose

the larger - K,

Canpare flow angle ratio of honeycont for atmospheric turbulence and
steady distortion designs. {ltems 27 wund 34). Choose smaller -

Canpute honeycomb length to diameter ratio - %
<

q T H
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39, Determine perforated plate open area ratio from Baines and Peterson
plot Figure 114, - o

Perforated Plate Transmission Loss
40, Determine the maximum mach number of flow incident on the ICS - MICS'
41. Plot perforated plate thickness, fp, against hole diameter d

using the transmission loss criterion at the 24th one - third octave
band,

1/2

2
fp = 5.39.1073 [5'04 - (2+KP chs)] % - (1 - "P) dp meters

42, Select a perforated plate thickness and hole dianeter consistent with
the estimate of djcg in Item 10,

L] ]
LY
10

T T 11

a0}

S

40

e

20}
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Figure 114 Perforated Plate and Gauze Pressure Drop Coefficients
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6.4.5 The Application of the 1CS Design System to the JT9D and JT150

f The step by step ICS design procedure is applied ir Figures 115 and 116 for
the JTSD and JT15D engines. A comparison between these designs and actual

§: 1CS's constructed for these engines is shown below
, JT9D
Y
i gre?ent PRWA Boei
| esign oein
) Naninal 3.47m 3. 66m 3. 66m
\ Radius
i Detail .0067m .0095m .0032m
. Dimension
j (Honeycomb)
'{ Detail .003m .0048m ,00157m
! Dimension
: (Perforated
; P1ate or Gauze)
Thickness .0117m .0762m .0381m
{Honeycamb)
Thickness .000%m .0031m .00079m
(Perforated
Plate or Gauze)
Open Area 54% 51% 46%

Ratio (Perforated
Plate or Gauze

The most noticeable difference between the present design and the PWWA and
Boeing 1CS designs is the much 1arger honeycomb length to diameter ratios in
these designs - P&WA 8, Boeing 12, present 1.75, The P&WA and Boeing designs
are very conservative in this respect. In other characteristics of the design
the PAWA and Boeing designs are generally conservative.
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JT 150

Present NASA
Design Lewis (ICD1)

Nominal Radius , 75 m
Detail Dimension .00238m .0063m
(Hone ycamb )
Detail Dimension
(Perforated Plate .003m .0064m
or Gauze) . 0013m
Thickness .0055m .05m
(Hone ycamb )
Thickness .0009m .0006m
(Perforated Plate
or Gauze)
Open Area Ratio 54% aA0%
(Perforated Plate
or Gauze)

Again this comparison shows a much greater honeycomb length to diameter ratio
- than would be requirved by the present design system - NASA Lewis 8, present,
2.31. The detailed dimensions of the screen material are also somewhat smaller
for the present design than the NASA Lewis design. In addition, the open area
ratio of the NASA Lewis gauze is more conservative than the present design. It
should be noted that in both of these calculations estimates of the steady
(quasi steady) distortion field were made. Both vortical and axial velocity
distortions were assumed to be of the order of the maximum anbient wind <peed.

6.4.6 Summary of the Main ICS Design Characteristics
o The I7S should be located external to the engine in a region where, within
the anbient wind test window, the engine induced flow is samewhat greater

than the maximuyn anbient windspeed, This Tocation is probably the best
compromise between tihe following reguirements,

a} ICS generated flow distortions to be snall enough that no additional
extrancous BPF tone energy is generated.

b} Pressure drop across the ICS to be low enough so that the fan operat-
ing point is waffected.
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¢) Flow through the TCS to bo 1ow enough so that acoustic transmission
loss is negligible,

d)  Steady or quasi-steady vortices to be suppressed surficiently far
upstrean of the inlet so that the residual axial velocity distortion
can be suppressed by the flow contraction.

The shape of the 1CS is to same degree flexible and while a basically
hemispherical design is suggested in this report, any shape that does not
create inflow distortions is acceptable.

whether to mount the ICS on an impervious backplate or continue the screen
to the engine nacelle has not been resolved. This question must be ad-
dressed in conjunction with flight boundary layer simulation considera-
tions.

Discontinuities in the ICS should be minimized both for acoustic and flow
distortion reasons.

In view of the transfer of energy between transverse and streamwise velo-
city camponents in a turbulent field subject to contraction, it is neces-
sary to suppress all three velocity components. Consequently, the ICS
should contain both a resistive elenent (perforated plate, gauze) and a
torque withstanding element (honeycomb). If the inflow distortion field is
dominated by steady or quasi-steady vortical elements and inflow turbu-
lence is not a significant noise generator, the resistive element may be
redundant , however in general this situation cannot be identified a priori.
However, if this situation exists the use of a resistive element produces

a conservative design,

The relative location of these two elements is probably not important as
regards distortion suppression. However, other considerations, such as

protection of the honeycomb, may suqgest a preferred arrangement,

The characteristics of the 1CS elanents are defined by the design system
of Section 6.4.4,
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7.0 THE ASSESSMENT OF THE ICS DESIGN SYSTEM (TASK H)

During the Boeing/Pratt & Whitney Aircraft Joint Noise Reduction Program, data
were gathered using pressure transducers mounted on the blades of a JT9D fan,
with an ICS in place. These transducers were discussed in (29) and there it
was indicated that it is not apparent, in general, which particular stimulus a
BMT {is responding to. This is especially true when an ICS is in place. In view
of this situation the capacity for assessment of the ICS design system using
BMT data is reduced. It was however assuned that the BMT with an ICS in place
was responding to the inflow velocity field and the assessment procedure was
exercised. In addition, hot film data taken during the JNRP provided another
and independent opportunity for assessment.

7.1 The Assessment Procedure

The assessment is made by corparing a theoretical prediction, using elements
of the ICS design system, with an estimate obtained from measured data. The
quantity that was compared was the one dimensional PSD of the upwash velocity
component in the azimuthal, k2, direction. A theoretical prediction of this
PSD is directly obtainable fram the ICS design system, The estimate of this
psp, ¥, (X5 }, using BMT data requires same discussion,

The BMT sanples the velocity and pressure fields along a spiral path, at an
angle @ to the fan face, in the mean flow fixed coordinate system, Figure
117. It responds to duct fixed pressure and velocity fields and by averaging
the signal on a once per revolution basis, this duct fixed or steady field may
be determined. This and other operations were performed digitally. The steady
contribution to the BMT signal is subtracted fromn the total signal to produce
the duct unsteady field pressure signal. This duct unsteady signal is assumed
to be due to perturbations in the incoming velocity field. The PSD of the un-
steady pressure signal, P(f), may thus be determined.
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UNSTEADY

PRESSURE
BMT SIGNAL SAMPLED
AT HOT FILM PROBE
LOCATION (202" CCA)
2
VIAT T T 7 -
CIRCUMFERENTIAL

; / LOCATION OF

BMT
M. /

Figure 117 Sampling of the BMT Pressure Signal

Now as shown in (28) the response function of the BMT has been estimated by
using hot film and BMT data gathered at the same circumfer

ential location in
the engine inlet. However

due to the sanpiing rate of the BMI, the upper fre-
Quency limit of the empirical part of the response function was about 20 Hz,

and above this, a Sears function form was assumed. This is justified, for in
the frequency range of interest, the angle of incidence of a given wave does
not cause a significantly different response from the Sears function (see
(45), It should be noted that while it is expected that the BM response func-
tion will have a similar form to the Sears function,
directly conparable. The 8MT response function describes the surface pressure

response while the Sears function is a measure of the 1ift response of the
blade. With the response function and the

P30, ¥ (f)can be found.

the two functions are not

pressure PSD, the upwash velocity
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The velocity of the blade at the BMT radial Jocati

PSD, P, (£), may be transfonmed intg wavenunber s
lence assumption, so that

on 1s known and so the
pace, using the frozen turby-

B M {a
o = ._,2,.[]_£ - - : r 117
I n ( k],‘ M A ) Tk n (f) mé—l‘lﬁh

where k_ is the wavenunper component along the spiral path a.
BMI flow relative Mach number,
'long eddies’

3 M is the
Finally if the turbulence field is made up of

, due to the contraction, the wavenunber directions are substan-
tially azimuthal and consequently” ( k., J can be determined

k
r
Py (kZ T Cosy ) =, ( kr) cos¢é 118

In this manner the required upwash velocity PSD was

obtained fram the me as ured
BMI pressure signal,

The prediction of this PSD from the ICS design systan
elements was perfomed using equation 86. The in

vailing at the time the 8MT data were acquired.
at several values of the wave number component k

put variables were those pre-
The computation was perf ormed
o in the range of interest,

The comparison between the theoretical prediction of the upwash velozity PSD,

Fn (kz) using Equation 105 and an estimate of the same PSD usin~ BMT data,
s described above, is shown in the tabulation below,

ko Fn (ko)
m 1 Estimate N/m Predicted
From Using
BMI Data Equation 104
2.31 1.56 10-2 1.6 104
4,62 1.7 10-2 5.49 10-5
6.93 3.4% 10-2 2.69 10-5
9,24 6.17 10-2 1.52 10-5
11.59 8.45 10-2 9,79 10-6
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The predicted values are very much less than the values obtained from the BMT
data and the shapes are different, This is also true for estimates obtained

from other BMTs., Thus in view of the reservations expressed praviously about
the BMT response this comparison is inconclusive,

In addition to blade pressure data, unsteady inlet velocity field information
was gathered from an array of split films mounted on a probe. This probe is
described in (29). Both azimuthal and streamwise velocity measurements were
made—inside and outside of the nacelle boundary tayer with an ICS in place. No
information was acquired spatially in the azimuthal direction and hence these
data could not be used to estimate Fn (kz). However, the streamwise and
azimuthal velocity canponent intensities were found.and are shown_in Figure
118 (this data was previously published in (13)), from which an estimate of
the upwash velocity canponent intensity was obtained using Equation 23. Taking
average values of the component intensities outside of the boundary layer, the
upwash velocity canponent intensity was found to be approximately .5%.

A theoretical prediction of this quantity was made by using Equation 105 of
the ICS design system. A numerica) integration was performed over kz to give
the theoretical value of the mean Square value of the upwash velocity campon-
ent, from which the intensity was computed and found to be approximately .25%.

7.2 Conclusions

0 Using BMT measurements to determine the upwash velocity PSD, Fn (k2),
there is a large discrepancy between this measured value and the vilye
predicted using ICS design systen elements. This indicates errors in the
design system and/or a source of excitation of the BMI in addition to the
inflow velocity field.

0 The agreement between predicted and measured values of the upwash turbu-
lence intensity (obtained using hot films) is canparatively good, This
provides support for the ICS design system,
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8.0 CONCLUSIONS

A series of experiments have been conducted to avaluate the theoretical models
to be used in the ICS design system. The major observations made during this
test program were

D - i s

) The flow contraction amplifies the transverse turbulent velocity com-
ponent and at low contraction ratios, it suppresses the stream-wise
velocity component. At high contraction ratios the streamwise turbu~
lent velocity component increases,_although it did not attair the
starting value.

) Steady streamwise -velocity deficits are suppressed rapidly by the
flow contraction. The azimuthal velocity component of a streamwise
aligned vortex was substantially unchanged by the flow contraction.
The streamwise velocity distortion associated with the vortex in-
creased in amplitude and extent.

0 The turbulence data gathered downstream of both honeycanb and perfor-
ated plate was contaminated with self generated turbulence. The honey-
comb screen suppressed the transverse turbulent velocity field,

0 Steady streanwise velocity deficits are suppressed according to the
resistance of the screen. In the resistance range studied here, the
higher the resistance the greater the suppression. The azimuthal ve-
locity field of the vortex was totally suppressed by the honeycambs
and somewhat reduced and dispersed by the perforated plates. The
streamwise velocity distortton associated with the vortex increased
on convection through the honeycomb and the 66 percent open area per-
forated plate.
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0 The resistance of perforated plate {s adequately predicted by theory,
The resistance of the honeycanb is dependent on the entrance condi-~
tions and this precludes accurate estimates of the resistance for an
arbitrary honeycanb, However an estimate may be made, by doubling
Blasius' expression (Equation 6).

0 The trancmission loss of the thinnest honeycombs (.95 an and 1.27 on)
is negligible and invariant with throughflow speed. The thickest
honeycomb (2.54 on) has a transmission Joss that increased with
throughflow speed to 2dB at 12.19 m/s.

0 The transmission 1oss of the 66% open area perforated plate is neg-
ligible at the lower speeds (9.14 m/s and 6.1 m/s) but increases to
2dB at 12.19 m/s. This attenuation is constant in 1/3 octave band.
The 41% open area perforated plate transmission 1oss decreased with
frequency and changes little with throughflow speed. The transmission
loss is significant at the lower 1/3 octave bands.

0 The presence of honeycamb panel corners and structure can disturb the
radiation field of a simple discrete source by significant amounts.
The higher the frequency the higher the disruption of the radiation
field.

Subsequently the ICS design system models were modified to account for the
resuits of the test progran where necessary and these modified models were
shown in Section 6. A transmission loss design criterion was established for
the [CS and the effect of discontinuities in the structure on the radiation
field was examined, It was concluded that;

o Discontinuities in the ICS structure could affect the radiation field of
discrete tones significantly but the broadband radiation field on a 1/3
octave band basis would be substantially ummodified.
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o It was found that small source phase variations were sufficient to wash
out the effect of the ICS discontinuities on the discrete tone radiation
field, and it was suggested that controlled variations in engine speed of
the order of 0.5 percent be made to accamplish this,

The ICS design procedure is described on a step by step basis in Section 6.4
and the procedure is exercised for the JT9D and JT1S8D. The designs produced by
this procedure are similar to those already constructed for those engines by
Pratt & Whitney Aircraft, Boeing and NASA Lewis. The most significant differ-
ence is in the honeycomb £/d ratio where the physical ICSs have a substantial
overkill. The assessment of the procedure was made in Section 7 using BMT and
hot film data, It was concluded that:

0 The hot film data provided some support for the validity of the ICS design
system.

0 The BMT data provided 1ittle support for the validity of the ICS design
systen, It was suspected however that the BMIs were responding to excita-
tions in addition to the inflow velocity field which for the purpose of
ICS design assessment were extraneous.

The similarity between the ICS design produced by this procedure and actual
1CSs is also encouraging in view of the proven effectiveness of those designs.
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APPENDIX A
FLOW MFASUREMENT INSTRUMENTATION AND ACCURACY
Measuranent Type 1. (Mean Velocity in the Duct)

For mean velocity measuranents in the duct (30.49 to 121,95 m/s), a wedge type
3 hole pressure probe was used, The probe has a 159 included angle, .292 cm
width at the trailing edge and .051 om diameter pressure tap. The probe has
one total tap (PTP) and two static taps (PA & PB located one on each

side). Two certified pressure transducers, 2.54 and 101.6 cm H20 F.S., were
used to cover the full range of pressures.

A complete calibration included velocities of 34.45, 78.96 and 123.2 m/s. At
each velocity, yaw angles of +.5% and #1°. This accuracy applies to the

whole system which includes the probe, transducer and voltmeter (the samne
gystem components were always used together throughout the tests), The system
is shown in Figure 119.

Pr

; E: ﬂ . @
[+] p— -
. Py R
WEDGE PRESSURE PROBE
ONE TOTA.. PRESSURE TAP (P} TRANSDUCER
TWO STATIC PRESSURE TAPS (P4, Pg! 1
Pa Pg
TRANSDUCER DC VOLTMETER

2

Fiqure 119 wedge Probe Suystem
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The usual mode of operation of this type of probe is to rotate the probe until
it is aligned with the flow stream (as determined by the two static tap
readings being the same), Because of the small flow angle range expected in
this test, the probe was operated in the fixed angle mode. The velocity

(magnitude and angle) was determined from pressure readings (PTP—PA and
PA-PB) .

Measuranent Type 2. (Turbulence in the Duct)

For turbulence measurements inside of the duct {24.39 to 121.95 m/s), X-array
probes with hot-wire sensors were used. The probe tested was TSI model 1227

with a 9 um diameter, .279 cm long W wire sensor. The sensor was operated at
300% overheat using a TSI model 1053A anencmeter.

The systen accuracy for X-array probes when used with 1inearizers and

sum/difference amplifiers (to obtain turbulence components) is estimated to be
+6.3%. The system is shown in Figure 120,

ANEMOMETER LINEARIZER AC RMS
X [ VOLTMETER
A A+ B
X-ARRAY HOT WIRE PROBE @ \ A. 0
9uM TUNGSTEN WIRE 7 I
SUM
&
- DIFFERENCE
AMPLIFIER
anevomsten/ N uneamizen AC AMS

VOLTMETER

O
O

MAGNETIC TAFE RECORDER

Figure 120 Hot Wire System
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Measurement Type 3. (Mean Velocity Ahead of the Duct)

s ahead of the duct (2.44 to 12,2 m/s), a single
The probe tested was a 1S1 model 1210 with
The sensor was operated at

For mean velocity measuranent
elanent hot-wire sensor was used,
a 9 un dianeter, .559 cm long W wire sensor,
300°F overheat using a 151 mode! 1053A anemometer,

test and one post test calibrations were

To determine the accuracy, three pre-
20,12 m/s and three

performed. The calibration velocity range was 1.83 tn
Based on 12 sauple caunparisons, the accuracy was found

probes were invol ved.
weations agreed within 2.7%.

to be +2.8%, The post test and pre-test cali
This accuracy applies to the probe, qnenaneter and voltmeter. The system
accuracy for X-array probes when used with 1inearizers and sum/difference

anplifiers for mean velocity (magnitude ard angle) neasurements is +5.0% and

+3%, The systan is shown in Figure 121.

|

Dc
ANEMOMETER VOLTMETER

SINGLE ELEMENT HOT WIiRE PROBE
9:M DIA. WIRE

Figqure 101 single Hot Wire system

Measuranent Type 4, (Turbulence Anead cf the Duct)

For turbulence measurenents ah2ad of the duct (2,44 to 12.2 m/s), X-array

probes with hot~-wire sensors were used., The probe tested was a TSI model 1240

with a 9 um dianeter, 110" long W wire sensor. The sensor was operated at

300°F overheat using a 1§81 model 1053A anemometer,
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The system accuracy for X-array probes when used with linearizers and
sun/difference amplifiers (to obtain turbulence components) is estimated to be

+6.3%, The system is shown in Figure 120.

A sumary of measurement accuracies is given in Table Al.

TABLE A-l

Measurement Type . Instruments

1. Mean Velocity in the Duct Wedge pressure probe, transducer,

2....Turbulence.in. the Duct ... ... Same as type 4. Correlation factor
of 1.36 must_be applied for scale
effect.
3. Mean Velocity Ahead of 9um x .220" Hot-wire probe,
the Duct ananometer, vol tmeter

L ineari zer

Sum/Difference Amplifier

System:
4, Turbulence Ahead of the 9 mx ,.110" Hot-wire probe, _
Duct anemaneter, voltmeter
Linearizer
Sum/Difference Amplifier
System:

*Estimate based on steady state calibration data and user experience

Post test calibration agre. with pre test within 1.7%

Accuracy {2 s.d,)
—.5%, 10

Same as type 4

2.8%

1%
5.0%, 30
3l %*

2% -
1¥
6.3%
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APPENBIX B

THE INVARIANCE OF THE POTENTIAL VORTEX
VELOCITY FIELD UNDER AXISYMMETRIC CONTRACTION

Applying the conservation of circulation to particles in a vortex subject to a
circular axisymnetric contraction (Figure 122) produces

jf Uy dHA = jr Usg dSR 119

i i
: . : ' - - 120
Voo At va Van (s ) e
but for a potential vortex circulation is constant at any radius
Ut ) s o Yan (A ) U 121
Thus substituting for Uy (1};) Vi in 120
Yoa [ "a | IR BN ) 127

i.e., the azimuthal velocity field is invariant.
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APPENDIX C

THE MODIFICATION OF THE VORTEX STREAMWISE VELOCITY
ON CONVECTION THROUGH HONEYCOMB AND PERFORATED PLATE

Honeycomb

Applying Bernoulli's equation across the airfoil (following Batchelor)
yields (Figure 123):

1 2 i 1 2 2 2 ) 123
bt 5 e U = A= pp sy ( Upa + Upp 1 U3y
A - ]
u, Palya Uaa HUNE YCUMB PEAF PLATE
- P - CONSTANT Py Usg
Uyg. Upy * @ Ui

= 4

TP
VORTEY

<

N e L T T o e

_—

AIRFOIL HONE YCOMB
OR
PERFORATED
PLATE

Figure 123 The Convection of a Vortex Through Honeycomd

If the radial velocity component is neglected then

2 2 _ 2 _ 2 _ 2 124
Ua“ = 5 (o. = ey ) 00 -0y, £ At

throughout the vortex., an is the total pressure loss due to viscous
effects at the airfoil surface. The static pressure distribution in the
vortex, Pp is a function of the azimuthal velocity field, Equation 2
11lustrates the point made in the text that the axial velocity field
depends on the relative magnitudes of the pressure loss across the
airfoil and the azimuthal velocity field.
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Now )
T 125

» Equation 124 becomes

_ 2 .. 2 2
(Uli\ + U ) AUy, = = (P = Py ) U, S T AH 126
Then
| S 2 2 I 127
AUja = 707 |~ 7 (1. = Pa )+ Upp™ + 5 A ‘

Considering now the flow across both airfoil and honeycanb (see Figure 122)
and again applying Bernoulli's equation gives

p. o+ % o qu = M- Mg = pp 4+ % » U232 128
where AH, is the pressure loss thrcugh the honeycomb.
Solving for 2
2r
2 2 i 2 2 _

Upgp™ = = (1, = b ) 4 0, S an o+ ang) 129
If again the deficit is assumed small

e R 2 Po- V2 A \H ! 130

IR 20t ( by R ( o s )|
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Now if Equation 127 is subtracted fram 130,

- ook VL2 2 2 |
Mg = M g ) 70 [t m e ) - Ut v S Ms | 131
or
AU 2
1B ) I | Ya
———— T ] .} g e . p - l, + A“ " - 'A 132
30 CUAU P T A s | T 2070,

Assuming that the total pressure loss across the honeycomb is constant and
equal to the loss at ~

Then Mg = (py - b, ). 133

Downstream of the honeycomb, the azimuthal velocity component is zero and

consequently the static pressure gradient cannot be maintained and the static

pressure will become uniform so that

pB = an. 134

Substituting Equations 133 and 134 into Equation 132 gi ves

2
é—Ul_g =1 + .____._,l_._ 'p - D | - U2A 135 ..
au; pU, A0, | FAx Ay 20 AT,
Now in a vortex
2
dp " Y2 136
dr r
s$0 that -
2
1
9] -~ p = i f Lﬂ. dr
T A v 137
r
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Substituting this expression in Fguation 134

‘ .y, 2 n,, I
AL oA I d r 2 ‘

The integral is always positive, the fnitiad deﬁcit.\ul may be positive

(wake) or negative (fet), The hone

ycomb thus amplifies a vortex wake deficit
and suppresses or inverts a vortex

Jet. In both cases the distortion shape is
changed,
For the maximun axia) deficit (excess) ratio across the honeycomb, assume a
Rankine vortex (the measured azimuthal velocity fields can be approximated by
a Rankine Vortex) so that
4y 2
f Yan T 139
o r Y = 2A max

and the ratio becomes

‘?
Uiy max . U max .
iU AT R —— e
1A max T IA max

b}  Perforated Plate

If the azimuthal velocity field is not destroyed as in the case of the
perforated plate Equation 128 is replaced by

Pt 3 ou? gL Vit

rf —

| 2 2
s Pntoyo (Um f Uon ) 141

and so for a sma)l deficit,

. 142

IEY,




Recalling Equation 127 and subtracting it from Equation 142,

2 2
AUy = AU, = ot (UQB ~ o ) 1
IR WA TR Pa T Pyt Al 8 0
now
U = .
28 2A 144
Thus
AU v,,° (*-1)
1B _ 1 { | 2\
e R R S N I 145
AUlA ] Um AUlA | VB A S | 2Uw AUlA

Again assuming AH

L]

s * [Py - Py )m

AU
1B _ 1
v, - 't ROl aug, | (Pae = Pa) = { Ppo - PB){
2 (2
U2 ((‘t -l)
o 146
» 2V2a

If further a Rankine vortex is assumed on both sides of the perforated plate,
then

2 2
AUtp max _ Y22 max (1 - a®) 147
AULA max KON

AUIA max
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APPENDIX D

THE UPWASH VELOCITY ELEMENT OF THE SPECTRUM TENSOR AND THE TARGET (FLIGHT) ONE
DIMENS IONAL. PSD AT THE FAN FACE.

The upwash velocity, assuming a frozen turbulence field, may be determined
fron a simple rotation of the Cartesian coordinates, Figure 124, and written as

up (X)) = - uy (%) sin oy + u, (x) cos v, 148

ua

}

Yo

bt |

Figure 124 The Turbulence Upwash Velocity Component

If the three dimensional correlation is computed and Fourier transformed, the
relationship between the spectrum tensors 15 found to be

(k) sin2 po+ ?22 (k) c052 v, t cross terms 149

F'nn (ES) " E'l 1 3
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Now for an isotropic field of the Dryden type

v (ko) vt w2 "

N Kk Y t Kk - 2 1
nn (k?‘ l 2)3 | P 2 TS k;% 51
+ odd terms
where n . 2.4 y e
2 L
nol,
Now the one sided one dimensional PSD over the ranges
x
Kp Ry Ry Ky o Ky e and kg e kg s kg, Is
i *
Ky Ky
n E ! X . 1
by (ke ) o2 f f Iy (k) dky dkg 52
k *
1 S

The k3 integration is first perfomed by approximating the integrand with
its value at the mid point in the k3 wave nunber range, so that

K30 153
2 P (Bhdky =

k_H-

- ) 2
N kt;? cos” Vol k.‘,l'? sin® Yo ! (}.\:‘.':'-; k...”') ] ( k,!ll -k H.)
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I 7 ) 154
P kz) = 32N (RBU'"R3L
*
! 2 2 2
2 .2 .
4k, sin Yo+(k3U+k3L) + 4k, “ cos \;_9_ "
2 . 2 2 2 |3 71
S RTTA R PRI
_kl
But over the integration range
2 AT 2
4 (kz + Y ) + (kBU + k:” ) 4kl 155
2 2 N 2 2
and 4k,% sin® v+ kyy + k3L) 4k, cos Y, 56
The integral in Equation 154 can then be approximated so that
ook 2 .2 K 2
64N (k3u - ki )kl Akp” sin® 4 (k3u k) )
F (k ): : 57
n 2 3
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substituting this in Equation 152 yields

[4 (k32 sy 2 )'* (k3u * kg )2J

in the ranges kp < x *

is then the target (f1ight) PSD that is to
with an ICS.

20 ¢ Ky kg s

k3u Equation 158

be aimed for on the static test stand
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